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Description 

BACKGROUND OF THE INVENTION , 
Field of the Invention 

[0001] The present invention relates to a method for the production of polynucleotides conferring a desired phenotype 
and/or encoding a protein having an advantageous predetermined property which is selectable. In an aspect, the 
method is used for generating and selecting nucleic acid fragments encoding mutant proteins. 

Description of the Related Art 

[0002] The complexity of an active sequence of a biological macromolecule, e.g. proteins, DNA etc., has been called 
its information content ('IC; 5-9). The information content of a protein has been defined as the resistance of the active 
protein to amino acid sequence variation, calculated from the minimum number of invariable amino acids (bits) required 
to describe a family of related sequences with the same function (9, 10). Proteins that are sensitive to random muta- 
genesis have a high information content. In 1974, when this definition was coined, protein diversity existed only as 
- taxonomfc'diversity. 

[0003] Molecular biology developments such as molecular libraries have allowed the identification of a much larger 

number of variable bases, and even to select functional sequences from random libraries. Most residues can be varied, 

although typically not all at the same time, depending on compensating changes in the context. Thus a 1 00 amino acid 

protein can contain only 2,000 different mutations, but 20^^ possible combinations of mutations. 

[0004] Information density is the Information Content/unit length of a sequence. Active sites of enzymes tend to have 

a high information density. By contrast, flexible linkers in enzymes have a low information density (8). 

[0005] Cun-ent methods in widespread use for creating mutant proteins in a library format are error-prone polymerase 

chain reaction (11, 12, 19) and casseHe mutagenesis (8, 20. 21, 22. 40, 41, 42), in which the specific region to be 

optimized is replaced with a synthetically mutagenized oligonucleotide. In both cases, a 'mutant cloud' (4) is generated 

around certain sites in the original sequence. 

[0006] Error-prone PGR uses low-fidelity polymerization conditions to introduce a tow level of point mutations ran- 
domly over a long sequence. Error prone PGR can be used to mutagenize a mixture of fragments of unknown sequence. 
However, computer simulations have suggested that point mutagenesis alone may often be too gradual to allow the 
block changes that are required for continued sequence evolution. The published error-prone PGR protocols do not 
allow amplificaton of DNA fragments greater than 0.5 to 1.0 kb, limiting their practical appllcatkxi. Further, repeated 
cycles of error-prone PGR lead to an accumulation of neutral mutations, which, for example, may make a protein 
immunogenic. 

[0007] In oligonucleotkle-directed mutagenesis, a short sequence is replaced with a synthetically mutagenized oli- 
gonucleotkie. This approach does not generate combinations of distant mutations and is thus not combinatorial. The 
limited library size relative to the vast sequence length means that many rounds of selection are unavoidable for protein 
optimization. Mutagenesis with synthetic oligonucleotides requires sequencing of individual clones after each selection 
round followed by grouping into families, arbitrarily choosing a single family, and reducing it to a consensus motif, which 
is resynthesized and reinserted into a single gene folbwed by additional selection. This process constitutes a statistical 
bottleneck, it is labor intensive and not practical for many rounds of mutagenesis. 

[0008] Error-prone PGR and oligonucleotkle-directed mutagenesis are thus useful for single cycles of sequence fine 
tuning but rapidly become limiting when applied for multiple cycles. 

[0009] Error-prone PGR can be used to mutagenize a mixture of fragments of unknown sequence (11,1 2). However, 
the published error-prone PGR protocols (11, 12) suffer from a low processivity of the polymerase. Therefore, the 
protocol is unable to result in the random mutagenesis of an average-sized gene. This inability limits the practfcal 
application of error-prone PGR. 

[0010] Another serious limitation of error-prone PGR is that the rate of down-mutatkxis grows with the information 
content of the sequence. At a certain informatk>n content, library size, and mutagenesis rate, the balance of down- 
mutations to up-mutations will statistically prevent the selection of further improvements (statistical ceiling). 
[0011] Finally, repeated cycles of error-prone PGR will also lead to the accumulation of neutral mutations, which can 
affect, for example, immunogenicity but not binding affinity. 

[001 2] Thus error-prone PGR was found to be too gradual to alk>w the block changes that are required for continued 
sequence evolutkm (1,2). 

[001 3] In cassette mutagenesis, a sequence block of a single template is typically replaced by a (partially) randomized 
sequence. Therefore, the maximum informatbn content that can be obtained is statistically limited by the number of 
random sequences (i.e., library size). This constitutes a statistical bottleneck, eliminating other sequence families whwh 



2 



EP 0 934 999 A1 



are not currently best, but which may have greater long term potential. 

[0014] Further, mutagenesis with synthetic oligonucleotides requires sequencing of individual clones after each se- 
lection round (20). Therefore, this approach is tedious and is not practical for many roundp of mutagenesis. 
[0015] Error-prone PGR and cassette mutagenesis are thus best suited and have been widely used for fine-tuning 
areas of comparatively low information content. One apparent exception is the selection of an RNA ligase ribozyme 
from a random library using many rounds of amplification by error-prone PGR and selection (13). 
[001 6] It is becoming increasingly clear that the tools for the design of recombinant linear biological sequences such 
as protein, RNA and DNA are not as powerful as the tools nature has developed. Finding better and better mutants 
depends on searching more and more sequences within larger and larger libraries, and increasing numbers of cycles 
of mutagenic amplification and selection are necessary. However as discussed above, the existing mutagenesis meth- 
ods that are in widespread use have distinct limitations when used for repeated cycles. 

[0017] Evolution of most organisms occurs by natural selection and sexual reproduction. Sexual reproduction en- 
sures mixing and combining of the genes of the offspring of the selected individuals. During meiosis, homobgous 
chromosomes from the parents line up with one another and cross-over part way along their length, thus swapping 
genetic material. Such swapping or shuffling of the ONA allows organisms to evolve more rapidly (1. 2). In sexual 
recombination, because the inserted sequences were of proven utility in a homologous environment, the inserted 
sequences are likely to still have substantial information content once they are inserted into the new sequence. 
[00ia]**Manon et al.,(27) describes the use of PGR in vitro to monitor recombination in a plasmid having directly 
repeated sequences. Marton et al. discbses that recomblnatbn will occur during PGR as a result of breaking or nicking 
of the DNA. This will give rise to recombinant molecules. Meyerhans et al. (23) also disclose the existence of DNA 
recombination during In vitro PGR. 

[0019] The term Applied Molecular Evolutbn ('AME') means the application of an evolutionary design algorithm to 
a specific, useful goal. While many different library fonnats for AME have been reported for polynucleotides (3, 11-14), 
peptides and proteins (phage (15-17), lad ( 1 8) and polysomes, in none of these formats has recombination by random 
cross-overs been used to deliberately create a combinatorial library. 

[0020] Theoretk^ally there are 2,000 different single mutants of a 100 amino acid protein. A protein of 100 amino 
acids has 20^^ possible combinations of mutations, a number which is too targe to exhaustively explore by conventional 
methods. It would be advantageous to devebp a system which would allow the generation and screening of all of these 
possible combination mutations. 

[0021] Winter and coworkers (43,44) have utilized an in vivo site specific recombination system to combine light 
chain antibody genes with heavy chain antibody genes for expressbn in a phage system. However, their system relies 
on specific sites of recombinalkxi and thus is limited. Hayashi et al. (48) report simultaneous mutagenesis of antibody 
CDR regtons in single chain antibodies (scFv) by overiap extension and PGR. 

[0022] Garen et al. (45) describe a method for generating a large population of multiple mutants using random jn 
vivo recombinatbn. However, their method requires the recombination of two different libraries of ptasmids, each library 
having a different selectable marker. Thus the method is limited to a finite number of recombinatbns equal to the 
number of selectable markers existing, and produces a concomitant linear increase in the number of marker genes 
linked to the selected sequence(s). 

[0023] Cabgero et al. (46) and Galizzi et al. (47) report that in vivo recomblnatbn between two honwtogous but 
truncated insect-toxin genes on a plasmid can produce a hybrid gene. Radman et al. (49) report in vivo recomblnatbn 
of substantially mismatched DNA sequences in a host cell having defective mismatch repair enzymes, resulting In 
hybrid molecule formation. 

[0024] It would be advantageous to develop a method for the productbn of mutant proteins which method allowed 
for the devebpment of large libraries of mutant nucleic acid sequences whbh were easily searched. The invention 
described herein is directed to the use of repeated cycles of point mutagenesis, nucleic acid shuffling and selectbn 
whk:h allow for the directed molecular evolution in vitro til highly complex linear sequences, such as proteins through 
random recombination. 

[0025] Accordingly, It would be advantageous to devebp a method which allows for the productk>n of targe libraries 
of mutant DNA. RNA or proteins and the selectbn of partbular mutants for a desired goal. The invention described 
herein is directed to the use of repeated cycles of mutagenesis, in vrvp recombination and selection which albw for 
the directed molecular evolutbn in vivo of highly complex linear sequences, such as DNA, RNA or proteins through 
recombinatkxi. 

[0026] Further advantages of the present Invention will become apparent from the follov/ing descriptbn of the inven- 
tion with reference to the attached drawings. 

SUMMARY OF THE INVENTION 



[0027] The present Invention Is directed to a method for generating a selected polynucleotide sequence or populatbn 
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of selected polynucleotide sequences, typically in the form of amplified andAx ctoned P^J^^^'l^^'^^l 
selected polynucleotide sequence(s)possessadesiredphonotypiccharacter«tc(e.g.^ncode^^ 

transcript^ Of linked polynucleotkJes, bind a protein, and the like) which can be selected for. 

polypeptides that possess a desired structure or functional property, such as bmding to a Pr«latenT,»,ed b»tog,ca^ 

s ^«Lecule(e.nreceptor),involvesthescreeningofalargelib,a,yofpolypeptkiesfor.nd«KJua^l*^^^ 

which possess the desired structure or functional property conferred by the ammo acri sequence of the polyp^ide. 
[0028] The present invention provides a method for generating libraries of displayed polypeptides or displayed an- 
tibodies suitable lor affinity interaction screening or phenotypfc screening. The method compnses (1 ) obta'""^ a 
plurality of selected library members compiishg a dteplayed polypeplWe or displayed ant,l»dy and ^^^soeiated 

,0 ^lynucleotide encoding said displayed polypeptide o, displayed antibody, and obtaining said assccat^ po^nude- 
^des or copies thereof wherein said associated polynucleotides comprise a regran of substantially ident«al sequence, 
opt»nally1ntroducing mulattons into said polynucleotides or copies, and (2) pooling and '«8m«n',ng t^Kal^ ran- 
domly, said associated polynucleotWes or copies to torn, fragments thereof under conditions suitable tor PGR ampft- 
fical^n, perfomting PCR amplfficatton and optionally mutagenesis, and thereby homotogously '^"^^^^^^ 

,s ments to form a shuffled p«,l of recombined polynucleotkJes, whereby a substantial 1'^^^;^^^"^^^ 
percent) of the recombined polynucleotides of said shuffled pool are not present m the first plurality <^f f^^^^J^^ 
membels, said shuffled pool composing a library of displayed polypeptkles or displayed anW>od_|es surtable for afflnrty 

- - - IntSactBff^reening. Optionally, the method comprises the additional step ol screening ttie l^^.H' ^^^^^rs of the 
shuffled pool to Identify individual shuffled libraiy members having the ability to bind or othemnse interac (e-S. s"<* 

20 as catalytic antibodies) with a predetemiined macromolecule, such as for example a proteinaceous f8<=8ptor peptrie, 
oligosaccharide, virion, or other predetermined compound or structure. The displayed P<"yP»P"<^»''J""^'^- P"P" 
tktomimetteantibodies, and variable regton sequences thatare kientifiedfrom such librariescan be usedforlherapeuhc, 
diagnostfc, research, and related purposes (e.g., catalysts, solutes for increasing osmolarity of an aqueous «,l«to^ 
and the like) and/or can be subjected to one or more additional cycles of shuffling and^or affinity selection. The method 

2S can be modified such that the step of selecting is lor a phenotypk: characteristic other than binding alfinrty for a pre- 
detemilned molecule (e.g., for catalytic activity, stability, oxkJatton resistance, drug resistance, or detectable phenotype 

"^^iZnJ^t^tml the flrst plurality of selected libran' ambers isfragmented and homotogously recombined 

30 S<»m"Tn^embodiment,thefirstpluralityotselectedlibrarymembersisfragmentedij>^^ 
transferr^ mtoa host cell or organism and homotogously recombined to torn, shuffled 
[0031] In one embodiment, the first plurality of selected library members Is ctoned or amplified 
cable vectors, a multipfcity of sakJ vectors Is transferred into a cell and homologously recomb»tod to fom, shuffled 

35 K^TonTemb^ent, the first plurality of selected library members is not fragmented, but » 

^ an episomany replfcablevector as adirect rapeat, wh ch each repeat comprising a distinct species of «"«=««^."b«'V 
member sequence, sakl vector is transferred into a cell and homotogously recombined by intra-vector reeombitaton 

to form shuffled library members jnvjvo, i,i„„wk,i HK/or 

[0033] In an embodiment, combinations of iiyitro and in vivo shuffling are provided to enhance combinatorial diver- 

fM341 The present inventton provkies a method for generating libraries of displayed antibodies suitable for affinity 
nteraitton scraening. The method comprises (1) obtaining a first plurality ol sele«ed libraiy members c«"P™'"9 a 
displayed antibody ^d an associated polynudeotkte encoding sakJd«played antibody, and obtein,^^^^^^^ 
pXiuclootid^copiesthereof. wherein sakl associated polynucleotklescompnsea regjon of "^"^^ 
« S^abte regton fraZicrk sequence, and (2) pooling and fragmenting sakl assocated 
torn, fragnl,ts thereof under condittons surtable for PCR amptificatton and 

fragments to fom, a shuffled pool ol recombined polynucleotkles compnsmg '^^,.^^^^J^^;J^^l 
su^^tial fractton (e.g., greater than 10 percent) of the recombined polynucleotides '^^'"^^ f^""^!^^ 
CDR combinations are not present m the first plurality of selected library members, said shuffled pool «»rP~"9 « 

so tibraryTdispteyed antibotfi^ comprismg CDR pem,utattons and suflable for affintty Weraction ^^'^^^^ 
the Shuffled pool is subjected to affinity screening to select shuffled libraiy members which bmd to a predetenmned 
TpCZS and tliereby selecting a pluralfty of selected shuffled library members. Opjtonal^, the plura^^ 
seized shuffled library members can be shuffled and screened iteratively, from 1 to about 1000 cycles or as desired 
until libraiy members having a desired binding affinity are obtained. 

55 [0035] Accordingly, one aspect of the present inventton provkJes a method for introduang one or moj-e mirtations 
r; template *uble-stranded po^ucleotWe, wherein the template "^^f P°^["'"'r^ .l^^^^^^^^^ 

cleaved Into random fragments of a desired si2e, by adding to the resultant population of double-stranded fragmente 
one or mora smgle or double-stranded oligonuclootWes, wherain said oligonucleolides comprise an area of identity 
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and an area of heterology to the template polynucleotide; denaturing the resultant mixture of double -stranded random 
fragments and oligonucleotides into single-stranded fragments; Incubating the resultant population of single-stranded 
fragments with a polymerase under conditions which result in the annealing of said single-stranded fragments at regions 
of identity between the single-stranded fragments and formation of a mutagen ized double-stranded polynucleotide; 
s and repeating the above steps as desired. 

[0036] In another aspect the present invention is directed to a method of producing recombinant proteins having 
biological activity by treating a sample comprising double-stranded template polynucleotides encoding a wild-type 
protein under conditions which provide for the cleavage of said template polynucleotides into random double-stranded 
fragments having a desired size; adding to the resultant population of random fragments one or rrwre single or double- 
10 stranded oligonucleotides, wherein said oligonucleotides comprise areas of identity and areas of heterology to the 
template polynucleotide; denaturing the resultant mixture of double-stranded fragments and oligonucleotides into sin- 
gle-stranded fragments; incubating the resultant population of single-stranded fragments with a polymerase under 
conditions which result in the annealing of said single-stranded fragments at the areas of identity and formation of a 
mutagenized double-stranded polynucleotide; repeating the above steps as desired; and then expressing the recom- 
IS binant protein from the mutagenized double-stranded polynucleotide. 

[0037] A third aspect of the present invention is directed to a method for obtaining a chimeric polynucleotide by 
treating a sample comprising different double-stranded template polynucleotides wherein said different template poly- 
— »-nucleotide9"cbntain areas of identity and areas of heterology under conditions which provide for the cleavage of said 
template polynucleotides into random double-stranded fragments of a desired size; denaturing the resultant random 
20 double-stranded fragments contained in the treated sample into single-stranded fragments; incubating the resultant 
single-stranded fragments with polymerase under conditions which provide for the annealing of the single-stranded 
fragments at the areas of identity and the formation of a chimeric double-stranded polynucleotide sequence comprising 
template polynucleotide sequences; and repeating the above steps as desired. 

[0038] A fourth aspect of the present invention Is directed to a method of replicating a template polynucleotide by 
2S combining in vitro single-stranded template polynucleotides with small random single-stranded fragments resulting 
from the cleavage and denaturation of the template polynucleotide, and incubating said mixture of nucleic acid frag- 
ments in the presence of a nucleic acid polymerase under conditions wherein a population of double-stranded template 
polynucleotides is formed. 

[0039] The invention also provides the use of polynucleotide shuffling, in vitroand/or in vivoto shuffle polynculeotides 
30 encoding polypeptides and/or polynucleotides comprising transcriptional regulatory sequences. 

[0040] The Invention also provides the use of polynucleotide shuffling to shuffle a population of viral genes (e.g., 
capsid proteins, spike glycoproteins, polymerases, proteases, etc.) or viral genomes (e.g., paramyxoviridae, or- 
thomyxoviridae, herpesviruses, retroviruses, reoviruses. rhinoviruses, etc.). In an embodiment, the invnetion provides 
a method for shuffling sequences encoding all or portions of immurK>gsnic viral proteins to generate^ novel combinatibns 
35 of epitopes as well as novel epitopes created by recombination; such shuffled viral proteins may comprise epitopes or 
combinations of epitopes which are likely to arise in the natural environment as a consequence of viral evotutkxi (e. 
g., such as recombination of influenza virus strains). 

[0041] The invention also provides a method suitable for shuffling polynucleotide sequences for generating gene 
therapy vectors and replication -defective gene therapy constructs, such as may be used for human gene therapy, 
40 including but not limited to vaccination vectors for DNA-based vaccinatbn, as well as anti-neoplastic gene therapy and 
other gene therapy formats. 

BRIEF DESCRIPTION OF THE DRAWINGS 

*s [0042] Figure 1 is a schematic diagram comparing mutagenic shuffling over error-prone PGR; (a) the initial library; 
(b) pool of selected sequences in first round of affinity selection; (d) in .vitro recombinatk>n of the selected sequences 
('shuffling*); (f) pool of slslected sequences in second round of affinity seiectnn after shuffling; (c) error-prone PGR; (e) 
pool of selected sequences tn second round of affinity selection after error-prone PGR. 

[0043] Figure 2 illustrates the reassembly of a 1 .0 kb LacZ alpha gene fragment from 10-50 bp random fragments. 

so (a) Photograph of a gel of PGR amplifled DNA fragment having the LacZ alpha gene, (b) Photograph of a gel of DNA 
fragments after digestion with DN Asel. (c) Photograph of a gel of DNA fragments of 1 0-50 bp purified from the digested . 
LacZ alpha gene DNA fragment; (d) Photograph of a gel of the 10-50 bp DNA fragments after the indicated number 
of cycles of DNA reassembly; (e) Photograph of a gel of the recombination mixture after amplificatton by PGR with 
primers. ' - 

ss [0044] Figure 3 is a schematk; (llustratk>n of the LacZ alpha gene stop codon mutants and their DNA sequences. 
The boxed regions are heterologous areas, serving as markers. The stop codons are k»ated in smaller boxes or 
underlined. indicates a wiM-type gene and indicates a mutated area in the gene. 

[0045] Figure 4 is a schematic illustration of the introduction or spiking of a synthetic oligonucleotide into the reas- 
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sembty process of the LacZ alpha gene. „ « ^ ^ ,. . c „„nfl /h\ 

[00461 Figure 5 illustrates the regbns of homology between a murine IL1-B gene (M) and a human IL1-B gene (H) 
with E coli codon usage. Regions of heterology are boxed. The 'J-' indicate crossovers c^tained upon the shuffling 

5 [OMTl^FkiTrre Is a schematic diagram of the antibody CDR shuffling model system using the scFv of anti-rabbit 

[Oa^*'*Fi^ule 7^^ the observed frequency of occurrence of certain combinations of CDRs in the shuffled 

DNA of the scFv of anti-rabbit tgG antibody (A1 OB). 

[0049] Figure 8 illustrates the improved avidity of the scFv anti-rabbit antibody after DNA shuffling and each cycle 

ra^r Figure 9 schematically portrays pBR322-Sfi-BL-LA-Sfi and in vivo intraplasmidic recombination via direct re- 
peats, as welt as the rate of generation of ampicillin-resistant colonies by Intraplasmidic recombination reconstituting 
a functional beta-lactamase gene. ^. - ♦ 

[0051] Figure 10 schematically portrays pBR322-Sfi-2Bla-Sfi and in vivo intraplasmidic recombination via direct re- 
is peats, as well as the rate of generation of ampicillin-resistant colonies by. intraplasmidic recombination reconstituting 
a functional beta-lactamase gene. 

[0052] Figure 11 illustrates the method for testing the efficiency of multiple rounds of homologous recombination 
— after the'lntftsauction of polynucleotide fragments into cells for the generation of recombinant proteins. 

[0053] Figure 1 2 schematically portrays generation of a library of vectors by shuffling cassettes at the following loci: 
20 promoter, leader peptide, terminator, selectable drug resistance gene, and origin of replication. The multiple parallel 

lines at each locus represents the multiplicity of cassettes for that cassette. 

[0054] Figure 1 3 schematically shows some examples of-cassettes suitable at various loci for constructing prokary- 
otlc vector libraries by shuffling. 

25 DESCRIPTION OF THE PREFERRED EMB ODIMENTS 

[0055] The present invention relates to a method for nucleic acid molecule reassembly after random fragmentation 
and its application to mutagenesis of DNA sequences. Also described is a method for the production of nucleic acKJ 
fragments encoding mutant proteins having enhanced biological activity. In particular, the present inventon also relates 

30 to a method of repealed cycles of mutagenesis, nucleic acid shuffling and selection which allow for the creation of 
mutant>roteins having enhanced biological activity. oma' , «r«t«i„ 

[00561 The present invention is directed to a method for generating a very large library of DNA, RNA or protein 
mutants This method has particular advantages in the generation of related DNA fragments from which the desired 
nucleic acid f ragment(8) may be selected. In particular the present invention also relates to a nrathod of repeated cycles 

35 of mutagenesis, homologous recombination and selection which allow for the creation of mutant proteins having en- 
hanced biotogicat activity. ... ... ^ * ^ 

10057] However, prior to discussing this invention in further detail, the following terms will first be defined. 

Definitions 

40 

[0058] As used herein, the following terms have the following meanings: 

[00591 The term "DNA reassembly' is used when recombination occurs between identical sequences. 
[0060] By contrast, the term "DNA shuffling" is used herein to indicate recombination between substantially homol- 
ogous but non-identical sequences. In some embodiments DNA shuffling may involve crossover via nonhomologous 

4S recombination, such as via cra/lox and/or flp/frt systems and the like. > ; 

[0061] The term 'amplification' means that the number of copies of a nucleic acid fragment Is increased. 
[0062] The temi ^identical' or 'identity' means that two nudeic actti sequences have the same sequence or a com- 
plementary sequence. Thus, 'areas of identity' means that regions or areas of a nucleic acid fragment or polynucleotkte 
are Wentlcal or complementary to another polynucleotide or nucleic acid fragment; 

50 [0063] the term 'corresponds to' is used herein to mean that a polynucleotide sequence is homotogous (i.e.,.is 
identical not strictly evotutlonarily related) to all or a portion of a reference polynucleotide sequence, or that a polypep- 
tide sequence is kJenttoat to a reference potypeptkle sequence. In contradistlnctkyi. the term 'complementary to' is 
used herein to mean that the complementary sequence is homologous to alt or a portion of a reference potynucle^tde , 
sequence. For illustration, the nucleotide sequence TATAC corresponds to a reference sequence 'TATAC and is 

55 complementary to a reference sequence 'GTATA*. 

[0064] The foltowing terms are used to describe the sequence relationships between two or more polynucleotides, 
'reference sequence', 'comparison window', 'sequence identity', 'percentage of sequence kJentity'. and 'substantial 
identity- A "reference -sequence' Is a defined sequence, used as a basis for a sequence companson; a reference 
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20 



25 



35 



^ .mKo<»i a lamer seauencG for example, as a segment of a fulHength cDNA or gene sequence 

CDNA or gene sequeni^o 7 nuriftotides in lenoth Since two polynucleotides may each 1 ) comprise a 

X^nce' 00 TXon « Snco) ma. ^ ^i-ar between «,o .wo po^nuCeCICe.. 

^ (Tr^y UeTXrise a sequence *a. is divergent between the two polynucleotides, sequence coripansons 
TsteenTI ort,«uc,e^«es are typ«ally performed by comparing sequ^es of the ^ polynuCeotKies 
D»flr a -comDarison window- to identify and compare local regions of sequence similarity. 

Z/l TSi^ window, as used herein, refers to a conceptual segment of at leas. 20 contiguous nucleotide 
Sns whm^lynucleoti;.e sequence may be compared to a reference sequence of at least 20 c«,t,guous 
^ e^ideTt^d wherein the portion of the polynucleotide sequence in the comparison windowmay compr se addrt»ns 
o dete toSre Cs)o.20percen.orlBssascomparedtotherefe^ 
rdJ« for'^n^l aligLent of the two s^^^^^^^ 

w MOW may be conducted by the tocal homology algorithm of Smim and Vteteman (1 981 ' MLAEElJi^ 2. 48^ 
^J^3<W alignment algorithmofNeedleman and Wunsch(1970)XmBsL4S: 443, by th^ 
J^mTp^,so^ Lipn«n f.»°°)°,^ m^h Ar.«ri Sci (U S A ISS: 2444, by computenzed ,mple.nentat«ns of 
mfr^llrmtTGTp BESTFIT FASTA, and TFASTA in the Wisconsin Genetics Software Package Release 7.0. 
4e^^'^pm ?gLp 575^tence 0,.. 1-adison, Wl), or by inspection, and the best alignment (i.e., resuh-ng in 
fhe h^esT^^nLge of homology over the comparison window) generated by the various methods .s selected 
5^r^rtZ^s'e^«e~e «• means that two polynucleotide sequences are idenUcal ( e a nuo^-^- 
Kuileotae basis) »er the window of corr^rison. The term 
cLpar^gtwooptimallyal^neds^^^^^^^ 

rr^ndl size),^ multiplying the re^t by 100 to yield the percentage of ^^^^^^j^^J^^Z^ 
stan^L used herein demotes a characteristic of a polynucleotide sequence wherein me P^'^^ 

crplesTslquence ma. has at least 80 percent sequence identity, preferably at least 85 percent^enti^ ^ onen 
^o T perc^t sequence identity, more usually at leas. 99 percent sequence ident»y as ^ 
sequence over a comparison window of at least 20 nucleotkJe positions, frequently over a window of at lea^ 25-50 
n^^^^aes ^ereTme percentage of sequence identity is calculated by comparing me reference sequence to me 
p^S^SrsZelJ:^ ^^«h may incirde deletKx,s o, addittons which total 20 percent o, less of me reference 

rSS?|""3!^~.o:Sru^rutions refer .orneh^^^^ 
F^^n^po. amkioacids having alipha.k= side cha^is is g^cine,^alan^e, valine. 
a gr^^^amin^ acfcb having aliphatic-hydroxyl side chains is serine and mreonine; a group ffj*^ 
^ containing side chains is asparagine and glutamie; a group of amino acids having aromatic side chains « 
r.™i^he tvioslne and tryptophan; a group of amino acids having basic side chains is lysine, argnine. and his- 
tSt^rg;^ro^^^ac^^vingsu»ur^ta»,ingsWecha^^ 
aC^o S"bs.«u.lon groups are: valine-leucine^soleuclns. phenylalanine-tyros^e. ^,sine-a.g»,»ie. alanine- 

" "tni or -homeologous- means that one sin^e^tranded nucleic ack, sequence may hy^ 

S u>^ cnteZ^^ngle-stranded nuclekj acid sequence. The degree of hybrk).za«on ^f"""^ « 
™,mhlrrf faT«T,«luding the amount of identity between the sequences and the hybridization conditions such as 
Zpt^lCs^^^eC^asdiscussedL. Preferab.^^ 

" K^'Thrt^r^l'S.^r. rs.g.e..,anded nucle. acid sequence . unable . hyb™|.e^. 
Sr sS^ale-sLded nuTacid sequence or its comptement. Thus areas o. heterotogy rneans <hat nuc 
^m^msTpolynucteotWes have areas or regions in the sequence which are unabk. to hybrri^e to anomer nucleic 
acM or oolvnucleotide. Such regions or areas are, for example, areas ofmutatons. ^ „,h,„i,,i-i 

se >^Te«^ -cognate- as used herein refers to a gene sequence mat is evolutionarily andfu"Ciona^hr reWed 

Sen sp^erF^^le but not limitatioo. in me human genom8.:.me human CD4 gene is me <=^^r^^l^ 
me^Ts^rfl.^?sSiesequencesandstnKtures of mesetwo genes i^^^^ 

^d3g^es rc^e a protein whk=h tunctkx,s in signal»,g T cell activaMon mrough MHC ctos ll-restncted ant«en 

« [^"llie tem, -wikJ-type- means mat me nucleic acid fragment does not comprise any "'^'^J^^^*^ 
Sn m^ mat me plTeii will be act^e at a level of activity found in nature and will compnse me ammo acid 

(S;^r~ "e'^t:d polynucleotWes- me^^ 
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gions or areas of the polynucleotides are heterologous. 

[0073] The term "chimeric potynucleotlde* means that the polynucleotide comprises regions which are wild-type and 
regions which are mutated. It may also mean that the polynucleotide comprises wikJ-type regions from one polynucle- 
otide and wild-type regions from another related polynucleotide. 

[0074] The term "cleaving" means digesting the polynucleotide with enzymes or breaking the polynucleotide. 
[0075] The term "population" as used herein means a collection of components such as polynucleotides, nucleic 
acid fragments or proteins. A 'mixed population' means a collection of components which belong to the same family 
of nucleic acids or proteins (i.e. are related) but which differ in their sequence (i.e. are not identical) and hence in their 
biological activity 

[0076] The term "specific nucleic acid fragment" means a nuclaic acid fragment having certain end points and having 
a certain nucleic acid sequence. Two nucleic acid fragments wherein one nucleic acid fragment has the identical se- 
quence as a portion of the second nucleic acid fragment but different ends comprise two different specific nucleic acid 
fragments. 

[0077] The term "mutations" means changes in the sequence of a wild-type nucleic acid sequence or changes in 
the sequence of a peptide. Such mutations may be point mutations such as transitions or transversions. The mutations 
may be deletions, insertions or duplications. 

[0078] In the polypeptide notation used herein, the lefthand direction is the amino terminal direction and the righthand 
— directforr fs'th'e carboxy-terminal direction, in accordance with standard usage and convention. Similarly, unless spec- 
ified othenwse, the lefthand end of single-stranded polynucleotide sequences is the 5' end; the lefthand direction of 
double-stranded polynucleotide sequences is referred to as the 5' direction. The direction of 5' to 3' addition of nascent 
RNA transcripts is referred to as the transcription direction; sequence regions on the DNA strand having the same 
sequence as the RNA and which are 5' to the 5' end of the RNA transcript are referred to as 'upstream sequences"; 
sequence regions on the DNA strand having the same sequence as the RNA and which are 3' to the 3' end of the 
coding RNA transcript are referred to as "downstream sequences'. 

[0079] The term •naturally-occurring' as used herein as applied to an object refers to the fact that an object can be 
found in nature. For example, a polypeptide or polynucleotide sequence that is present in an organism (including 
viruses) that can be isolated from a source in nature and which has not been intentionally modified by man in the 
laboratory is naturally-occurring. Generally, the temi naturally-occurring refers to an object as present in a non-path- 
ological (undiseased) individual, such as would be typical for the species. 

[0080] The term 'agent' is used herein to denote a chemical compound, a mixture of chemical compounds, an array 
of spatially Idealized compounds (e.g., a VLSIPS peptide array, polynucleotide an-ay, and/or combinatorial small mol- 
ecule array), a biological macromolecule, a bacteriophage peptide display library, a bacteriophage antibody (e.g. , scFv) 
display library, a polysome peptide display library, or an extract made from biological materials such as bacteria, plants, 
fungi, or animal (particularly mammalian) cells or tissues. Agents are evaluated for potential activity as antineoplastics, 
anti-inflanvnatories, or apoptosis rrxxJulators by inclusion in screening assays described hereinbelow. Agents are eval- 
uated for potential activity as specific protein interaction inhibitors (i.e., an agent which selectively inhibits a binding 
interaction between two predetermined polypeptides but which does not substantially interfere with cell viability) by 
inclusion in screening assays described hereinbelow. 

[0081] As used herein, 'substantially pure' means an object species is the predominant species present (i.e., on a 
molar basis it is more abundant than any other individual macronDolecular species in the composition), and preferably 
a substantially purified fraction is a composition wherein the object species comprises at least about 50 percent (on a 
molar basis) of all macromolecular species present Generally, a substantially pure composition will comprise more 
than about 80 to 90 percent of all macromolecular species present in the composition. Most preferably, the object 
species is purified to essential homogeneity (contaminant species cannot be detected in the composition by conven- 
tional detection methods) wherein the composition consists essentially of a single macromolecular species; Solvent 
species, small molecules (<500 Daltons), and elemental ion species are not considered macromolecular species. . r 
[0082] As used herein the term 'physiological conditions' refers to temperature, pH. ionic strength^viscosity. and - 
like biochemical parameters which are compatible with a viable organism, and/or which typically exist intracellularty in 
a viable cultured yeast celt or mammalian cell. For example, the^intfacellular conditkxisiin a yeast cell grown under, 
typical laboratory culture conditions are physiologwal conditions. Suitable Jnvitro reaction condittons for jnvitro Iran- _. 
scription cocktails are generally physiotogical cofxiitk)n8;.ln general, in vitro physbtogical conditions comprise 60-200 
mM NaCI or KGI, pH 6.5-8.5, 20^45"C and 0.001-10 mM divalent catton (e.g.. Mg^^, Cat+); preferably;abomr150 mM 
NaCI or KCI. pH 7.2-7.6. 5 mM divalent cattoo; and often include 0.01-1 .0 percent nonspecific protein (e g ,;,BSA). A 
non-ionc detergent (Tween. NP-40, Triton X-100) can often be present, usually at about 0.001 to 2%, typically • 
0.05-0 2% (vA/). Parteular aqueous conditions may be selected by the practitkmer according to conventiona! methods. 
For general gukiance. the following buffered aqueous conditions may be applicable: 10-250 mM NaCI, 5-50 mM Tris 
HCI, pH 5-8. with optwnal additkxi of divalent cation(s) and/or metal chelators and/or nononic detergents andfor mem- 
brane fractkxis and/or antifoam agents and/or scintillants. 
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[0083] Specific hybridizatiofi is defined herein as the formation of hybrids between a first polynucleotide and a second 
polynucleotide (e.g.. a polynucleotide having a distinct but substantially Identical sequence to the first polynucleotide), 
wherein the first polynucleotide preferentially hybridizes to the second polynucleotide under stringent hybridization 
conditions wherein substantially unrelated polynucleotide sequences do not fonm hybrids 1n the mixture. 
[0084] As used herein, the term "single-chain antibody' refers to a polypeptide comprising a Vh domain and a Vl 
domain In polypeptide linkage, generally linked via a spacer peptide (e.g.. [Gly-Gly-Gly-Gly-SerlJ. and which may 
comprise additional amino acid sequences at the amino- and/or carboxy- termini. For example, a single^^ain antibody 
may comprise a tether segment for linking to the encoding polynucleotide. As an example, a scFv is a single^;hain 
antibody. Single-chain antibodies are generally proteins consisting of one or more polypeptide segments of at least 10 
contiguous amino acids substantially encoded by genes of the immunogtobulin supertamily (e.g., see The Immunoglob- 
ulin GeneSuperfamily. A.F. Williams and A.N. Barclay in Immunoglobulin Genes. T. Honjo. F.W. Alt. andTH. Rabbitts. 
eds., (1 989) Academic Press: San Diego, CA, pp.361 -387, which is incorporated herein by reference), most frequently 
encoded by a rodent, non-human primate, avian, porcine, bovine, ovine, goat, or human heavy chain or light chain 
gene sequence. A functional single-chain antibody generally contains a sufficient portion of an immunoglobulin super- 
family gene product so as to retain the property of binding to a specific target molecule, typically a receptor or antigen 
(epitope). . 
[0085] As used herein, the term "complementarity-detemiining region" and "CDR" refer to the art-recognized term 
„as,exempl(fied by the Kabat and Ghothia CDR definitions also generally known as hypervariable regions or hypervar- 



"iable toops (Chothia and Lesk (1987) J. Mol. Biol. 196 : 901; Chothia et al. (1989) Nature 342: 677; E.A. Kabat et al., 
Sequences of Proteins of Immunotogical Interest (Nattonal Institutes of Health, Bethesda, MD) (1 987); and Tramontano 
et al. (1990) J. Mol. Biol. 215 : 175). Variable regkxi domains typteally comprise the amino-terminal approximately 
105-115 amino acids of a naturally-occurring immunoglobulin chain (e.g.. amino acids 1-110), although variable do- 
mains somewhat shorter or longer are also suitable for forming single-chain antibodies. 

[0086] An immunogtobulin light or heavy chain variable region consists of a f rameworic" region interrupted by three 
hypen/ariable regtons. also called CDR's. The extent of the framework region and CDR's have been precisely defined 
(see. "Sequences of Proteins of Immunological Interest." E. Kabat etaL, 4th Ed., U.S. Department of Health and Human 
Sen/ices, Bethesda. f^^D (1 987)). The sequences of the framework regions of different light or heavy chains are relatively 
conserved within a species. As used herein, a "human framework region" is a framework region that is substantially 
Identkal (about 85% or rrwre, usually 90-95% or more) to the framework region of a naturally occurring human immu- 
nogk)bulin. The framework regton of an antibody, that is the combined framework regtons of the constituent light and 
heavy chains, serves to position and align the CDR's. The CDR's are primarily responsible for binding to an epitope 
of an antigen. 

[0087] As used herein, the term Variable segment" refers to a portkMi of a nascent peptkJe which corriprises a random, 
pseudorandom, or defined kemal sequence. A variable segment can comprise both variant and invariant residue po- 
sitions, and the degree of reskJue variation at a variant residue positk>n may be limited; both optkxis are selected at 
the discretton of the practitioner. Typically, variable segments are about 5 to 20 amino ackl residues in length (e.g.. 6 
to 10), although variable segments may be tewiger and may comprise antibody portions or receptor proteins, such as 
an antibody fragment, a nucleic ackJ binding protein, a receptor protein, and the like. 

[0088] As used herein, "random peptide sequence" refers to an amino acid sequence composed of two or more 
amino acid monomers and constructed by a stochastic or random process. A random peptide can include framework 
or scaffolding motifs, whteh may comprise Invariant sequences. 

[0089] As used herein 'random peptkJe library' refers to a set of polynucleotide sequences that encodes a set of 
random peptides, and to the set of random peptkJes encoded by those polynucleotkJe sequences, as well as the fusion 
proteins containing those random peptkJes. 

[0090] As used herein, the term "pseudorandom" refers to a set of sequences that have limited variability, so that . 
for example the degree of residue variability at one position is different thjan the degree of residue varial)ility at another 
positton, but any pseudorandom position is allowed some degree of residue variatwn, however circumscribed. 
[0091] As used herein, the term Wined sequence f rameworic" refers to a set of defined sequences that are selected , 
on a nonrandom basis, generally on the basis of experimental data or structural data; for example, a defined sequence 
f rameworit may comprise a set of amino ackl sequences that are predcted to form a p-sheet structure or may compnse 
a leucine zipper heptad repeat motif, a zinc-finger domain, among other variations. A "defined sequence kemal" is a- 
set of sequences whch encompass a limited scope of variability. Whereas (1) a completely randpm,10-mer sequence 
of the 20 conventksnal amino acids can be any of (20)io sequences. and.(2) a pseudorandom 10-mer sequence of the^ ^ 
20 conventionat amino ackis can be any of (20)io sequences but wili.exhibft a bias for certain reskJues^ at certain 
positons and/or overall, (3) a defined sequence kemal is a subset of sequences which is less that the maximum nurriber 
of potential sequences if each reskJue positron was allowed to be any of the allowable 20 conventkwial amino acids 
(and/or altowable unconventonal amino/imino acids). A defined sequence kemal generally comprises variant and in- 
variant residue posittons and/or comprises variant residue posittons which can comprise a residue selected from a 
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defined subset of amino acid residues), and the like, either segmentally or over the entire length of the individual 

selected library member sequence. Defined sequence kemals can refer to either amino ackJ sequences or polynucle- 

otide sequences. For illustration and not limitation the sequences {NNK)io and (NNM)io, where N represents A, T, G, «r^* 

or C; K represents G or T; and M represents A or C. are defined sequence kemals. 

5 [0092] As used herein 'epitope' refers to that portbn of an antigen or other macromotecule capable of forming a 
binding interaction that interacts with the variable region binding pocket of an antibody. Typically, such binding inter- 
action is manifested as an intermoleCular contact with one or more amino acid resklues of a CDR. 
[0093] As used herein, "receptor' refers toa molecule that has an affinity for a given ligand. Receptors can be naturally 
occurring or synthetk; molecules. Receptors can be emptoyed in an unaltered state or as aggregates with other species. 

10 Receptors can be attached, covalently or noncovalentty. to a binding member, either directly or via a specific binding • 
substance. Examples of receptors include, but are not limited to, antibodies, including monoclonal antibodies and 
antisera reactive with specific antigenic determinants (such as on viruses, cells, or other materials), cell membrane 
receptors, complex carbohydrates and glycoproteins, enzymes, and honmone receptors. 

[0094] As used herein 'ligand' refers to a molecule, such as a random peptkJe or variable segment sequence, that 

IS is recognized by a particular receptor. As one of skill in the art will recognize, a molecule (or macromolecutar complex) 
can be both a receptor and a ligand. In general, the binding partner having a smaller molecular weight is referred to 
as the ligand and the binding partner having a greater molecular weight is referred to as a receptor. 

[PpMl^As^used herein, 'linker' or 'spacer' refers to a molecule or group of molecules that connects two molecules, 

such as a DNA binding protein and a random peptide, and serves to place thetwo molecules in a preferred configuration, 

20 e.g., so that the random peptide can bind to a receptor with minimal sterk; hindrance from the DNA binding protein. 
[0096] As used herein, the term "operably linked' refers to a linkage of polynucleotWe elements in a functional rela- 
tionship. A nucleic ackJ is 'operably linked" when it is placed into a functkxial relatonship with another nucleic acid 
sequence. For instance, a promoter or enhancer is operably linked to a coding sequence if It affects the transcripton 
of the coding sequence. Operably linked means that the DNA sequences being linked are typkally contiguous and, 

25 where necessary to join two protein coding regions, contiguous and in reading frame. 



Methodokxw 

[0097] Nucleic acid shuffling is a method for in vitro or in vivo homotogous recombinatton of pools of nuciek: acid 
30 fragments or polynucleotides. Mixtures of related nuclec acid sequences or polynucleotides are randomlyf ragmented, 
and reassembled to yiekJ a library or mixed population of recombinant nuctek; ackJ molecules or polynucleotides. 
[0098] In contrast to cassette mutagenesis, only shuffling and error-prone PGR allow one to mutate a pool of se- 
quences blindly (without sequence infonnation other than primers). 

[0099] The advantage of the mutagenic shuffling of this invention over error-prone PGR akxie for repeated selection 

35 can best be explained with an example from antibody engineering. In Figure 1 is shown a schematfc diagram of DNA 
shuffling as described herein. The initial library can consist of related sequences of diverse origin.(i.e. antibodies from 
naive mRNA) or can be derived by any type of mutagenesis (including shuffling) of a single antibody gene. A collection 
of selected complementarity determining regions ("CDRs") is obtained after the first round of affinity selectkxi (Fig.1). 
In the diagram the thck CDRs confer onto the antibody molecule increased affinity for the antigen. Shuffling alk>ws the 

40 free combinatorial assbciatkjn ol all of the GDRls with alt of the GDR2s with all of the CDRSs. etc. (Fig.1). 

[01 00] This method differs from PGR, in that it is an inverse chain reaction. In PGR, the number of polymerase start 
sites and the number of rnolecules grows exponentially. However, the sequence of the polymerase start sites and the 
sequence'of the molecules remains essentiaify the same. In contrast, in nucleic acid reassembly or shuffling of random 
fragments the number of start sites and the number (but not size) of the random fragments decreases over time. For 

45 f ragments^derived from whole plasmkJs the theoretical endpoint is a single, large concatemerfc nrwiecule. 

[0101] Since cross-oveis occur at regions of homology, recombinatbn will primarily occur^between members of the, 
same sequence family. This discourages combinations of GDRs that are grossly incompatible, (eg. .directeidjag^st . . 
different ei)tt(^ies of the-sainie antigen), ft is contemplated that multiple families of sequences can be shuffled in the 
same reaction.- Further, shuffling consewes the relative order, such that, for example. GOBI will not be fourid in.the 

so positon of GDR2; ■ '4 * ■ ; ; . 

[01 02] Rare shufflants will contain a large number erf the best (eg. highest affinity) CDRs and thwe rare shufflants 
may be selected based oh their superior affinity (Fig. 1). i ' ^' ^ ^ .-y^ ^ 

[0103] CDRs from a pool of 100 different selected antibody sequences can be permutated in up to lOOS.differerit 
ways. This large number of pemnutatkxis cannot be represented in a single library of. DNA sequences. Accordingly, it 

ss is contemplated that multiple cycles of DNA shuffling and selectkxi may be . required depending on .the length of the 
sequence and the sequerwe diversity desired. 

[0104] Error-prone PGR, in contrast keeps alt the selected GDRs in the same relative sequence (Fig. 1), generating 
a much smaller mutant ctoud. 
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roiOSl The template polynudleotide which may be used in the methods of this invention may be D^A or RNA. U^^^^^ 
pfn p^u« blSnlonrntton' p«,Jldes a more o«iei 

loC 'Zrpl'^ucl^Tcftsn Should ^ do^blcstranded; A double-s.r^nded nude, -id mo.^uJe is 
IS » e,!'! .haWeUs o. *.e resuning singlo^trandod nuCek: acid (ragmen^ are compiementa^ .o eacr. 

o the template polynucleotide and regions ol heterology to the template polynucleotide may be added to ^^^^^^ 
XS^aSepJt is also c^ntemp^ted that two diflerentbut related 

ror^'"^e double-stranded polynucleotide template and any added double-or single-stranded fragments are ran- 
Sdig^.^a^r,ragmen,sS^,Labou.5bpto5Kbormore.Pre,erab^.hes«^^^^^^^^ 
- abo J-iabp to 1000 bp, more preferably the size of the DNA fragments is from about 20 bp to 500 bp^ . 
mioi AHemativelv n is also contemplated that double^tranded nucleic acid having multiple nicl« may be used in 
Kth^soTrs— "n^Kisa^brea^inonestrandofth^ 

be iL^ wTh a nuclease such as DNAsel or RNAse. The nuclei acd may be random^, sheared by the method 

nucleLcVd more preferably the concentration of any one specffic nucleic acid sequence 
K'^'r^eTurerrdmerXeciflcnuclei^ 

rr^^sSrgrrd'eL^'isn'r-^^^^^^^ 

^5 tol rZXuble-stranded nucleic acW fragments in o^er to Urease the heterogenerty of the m«ture of 
?oT^TtisT^U.ated that populations of doubte-strandedrand^^ 
;S?S"rerirr<.':L«onsin.ometemp.tepo,nuc.eo«deis 

nuclei ackJ fragments having a regkx, of kJentfty to the temptete "^^"'^''"^^^^Z '^^'^^'Z Se 
temelate Dolvni«leolida may be added in a 20 fold excess by weight as compared to the totel nucleic acn, more 
prTsXme s^S^Istrand^ nucleicacidfragmentsmaybe a*te^ 

Kr^o""mMureo.d«eren, but related template p<^ucteo.idesisd^ 

ments from each of the templates may be confined at a ratio of less than about 1 :100, more f ^ ^ 
Zth«^rt)ori-40 For «Lple, a backcross ol the wild-type polynucleotide with a population of mutated polynu- 
l^STo^e d^ir^ to el^S^ie neutral mutations (e.g.. mutatkx,s yielding an insubstanttal a«er««. i" *e phe- 
Xtop^rtJ being selected lor). In such an example, the ratio d randomly digested wild^ype polynudertdefrag^ 
iTnu STr^y be added to me randornly digested mutant polynucU^^^^^ 

;oTirrr.^'js^ro.'i,:^nuc,e.ac«,^^^^^ 

ImgLts and then Znealed. Only those single-slranded nucleic acid fragments having regions of homology with 

SlonTne^ to^plete^ denature the double stranded nucleic acid. Prelerably the temperahire « from 80 
^o l^-H^rS theTemperature ^ from 90 -C to 96 -C. Other methods which may be used to denan-re 
the nucleic add Iragments include pressure (36) and pH. on 'r to 7S 

[01211 The nucleic acid fragments may be reannealed by cooling. Prelerably the temperature ^ ^75 

•C nK,re prele^Tv the temperature is Irom 40 -C to 65 -C. If a high frequency of crossovers is needed based on an 
averZc-CTlTe^urbasesofhomology.rec^^ 
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although the process becomes more difficutt. The degree of renaturation which occurs will depend on the degree of 
homology between the population of single^tranded nucleic acid fragments. 

[01 22] Renaturation can be accelerated by the addition of polyethylene glycol ("PEG") or salt. The satt concentration 
is preferably from 0 mM to 200 mM, more preferably the salt concentration is from 10 mM to 100 mM. The saft may 
be KCI or NaCI. The concentration of PEG is preferably from 0% to 20%. more preferably from 5% to 10%. 
[0123] The annealed nucleic acid fragments are next Incubated In the presence of a nucleic acid polymerase and 
dNTPs (i.e. dATP. dCTP. dGTP and dTTP). TTie nucleic acid polymerase may be the Klenow fragment, the Taq pofymer- 
ase or any other DNA polymerase known in the art. 

[0124] The approach to be used for the assembly depends on the minimum degree of homology that should still 
yield crossovers. If the areas of identity are large, Taq polymerase can be used with an annealing temperature of 
between 45'€5'*C. If the areas of identity are small, Klenow polymerase can be used with an annealing temperature 
of between 20-30*C. One skilled in the art could vary the temperature of annealing to increase the number of cross- 
overs achieved. 

[0125] The polymerase may be added to the random nucleic acid fragments prior to annealing, simultaneously with 
annealing or after annealing. 

[0126] The cycle of denaturation, renaturation and incubation in the presence of polymerase is referred to herein as 
shuffling or reassembly of the nucleic acid. This cycle is repeated for a desired number of times. Preferably the cycle 
^ is repeated .Irom 2 to 50 times, more preferably the sequence is repeated from 10 to 40 times. 
[0127] The resulting nuciek; acb is a larger double-stranded polynucleotide of from about 50 bp to about 100 kb. 
preferably the larger potynucleotkle is from 500 bp to 50 kb. 

[0128] This larger polynucleotide fragment may contain a number of copies of a nucleic acid fragment having the 
same size as the template polynucleotide in tandem. This concatemerk; fragment ts then digested into single copies 
of the template polynucleotide. The result will be a population of nucleic acid fragments of approximately the same 
size as the template potynucleotkle. The population will be a mixed population where single or double-stranded nucleic 
acid fragments having an area of identity and an area of heterology have been added to the template polynucleotkle 
prior to shuffling. 

[01 29] These fragment are then cloned into the appropriate vector and the ligation mixture used to transform bacteria. 
[01 30] It is contemplated that the single nuciek; acid fragments may be obtained from the larger concatemeric nucleic 
acid fragment by amplifk:ation of the single nuciek: acid fragments prbr to cloning by a variety of methods including 
PCR (U.S. Patent No. 4.683,1 95 and 4,683,202) rather than by digestion of the concatemer. 
[0131] The vector used for cbning is not critical provided that it will accept a ONA fragment of the desired size. If 
expression of the DNA fragment is desired, the ckHiing vehk:le should further comprise transcription and translatkxi 
signals next to the site of insertkMi of the DNA fragment to albw expression, of the DNA fragment in the host cell. 
Preferred vectors include the pUC series and the pBR series of plasmids. 

[0132] The resulting bacterial population will irKlude a number of recombinant DNA fragments having random mu- 
tatbns. This mixed population may be tested to identify the desired recombinant nuciek; acid fragment. The method 
of selectkxi will depend on the DNA fragnrant desired. 

[01 33] For example, If a DNA fragment whKh encodes for a protein with increased binding efficiency to ajigand is 
desired, the proteins expressed by each of the ONA fragments in the population or library may be tested for their ability 
to bind to the ligand by methods known in the art (i.e. panning, affinity chromatography). If a DfsIA fragnrient which 
encodes for a protein with increased drug resistance is desired, the proteins expressed by each of the DNA fragments 
in the population or library may be tested for their ability to confer drug resistance, to the host orgar^isra. pne skilled in 
the art, given knowledge of the desired protein, couki readily, test the population to identify DNA fragments whk^ confer . 
the desired.properties onto the protein. . ^ 

[01 34] It is contemplated that one skilled In the art coukt use a phage display systern In which f ragprnents of tfie protein 
are expressed as fusion proteins on the phage surface (Pharmacia. Milwaukee Wl). The recxxnbinant DNA n^ . 
are cloned into the phage DNA at a site whch results in thetranscriptkxi (^^afuskxi protein a portion of whk:h is ericoded . 
by the recombinant DNA molecule. The phage containing the recombinant nucleic acid molecule undergoes 
and transcription in the celt. The leader sequence of the fusion protein directs thejransport of the fusiori protein to the ■ 
tip of the phage partKle: Thus. the fusion protein which is partially encoded by theTecombmant DN^ mbiecule b disr 
played on the phage particle for detection and selecton by the methods described^above.. , \^ ^, 

[01 35] It is further contemplated that a number of cycles of nucleik: ackJ shuffling rr^y be cprKilucted vm nucleic acid 
fragments from a subpopulaton of the first population, which subpopulatkxi coritairts DNA ;e^^ re-" 
combinant protein. In this manner, proteins with even higher binding affinities or enzyrratk; a(ajvity.cou^^ 
[01 36] It is also contemplated that a number of cycles of nucleic ackj, shuffling may be conducted with a mixture of 
wild-type nuclee acid fragments and a subpopulatk)n of nuciek: acid from the first or subsequent rounds of nuciek; . 
acid shuffling in order to remove any silent mutations from the subpoputatk>n. 

[01 37] Any source of nucleic acid, in purified form can be utilized as the starting nuciek; ac\6. Thus the process may 
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employ DN A or RN A including messenger RNA, which DNA or RNA may be single or double sUanded. In addition, a 
DNA-RNA hybrid which contains one strand of each may bo utilized. The nucleic acid sequence may be of various 
lengths depending on the size of the nucleic acid sequence to be mutated. Preferably the specific nucleic acid sequence 
is from 50 to 50000 base pairs. It is contemplated that entire vectors containing the nucleic acid encoding the protein 
5 of interest may be used in the methods of this invention. 

[01 38] The nucleic acid may be obtained from any source, for example, from plasmids such a pBR322, from cloned 
DNA or RNA or from natural DNA or RNA from any source including bacteria, yeast, viruses and higher organisms 
such as plants or animals. DNA or RNA may be extracted from blood or tissue material. The template polynucleotide 
may be obtained by amplification using the polynucleotide chain reaction (PGR) (U.S. Patent no. 4,683,202 and 

10 4,683,195). Alternatively, the polynucleotide may be present in a vector present in a cell and sufficient nucleic acid 
may be obtained by culturing the cell and extracting the nucleic acid from the cell by methods known in the art. 
[01 39] Any specific nucleic acid sequence can be used to produce the population of mutants by the present process. 
It is only necessary that a small population of mutant sequences of the specific nucleic acid sequence exist or be 
created prior to the present process. 

IS [0140] The initial small population of the specific nucleic acid sequences having mutations may be created by a 
number of different methods. Mutations may be created by error-prone PGR. Error-prone PGR uses low-fidelity po- 
lymerization conditions to introduce a low level of point mutations randomly over a long sequence. Alternatively, mu- 

... tations'cah'b'aintroduced into the template polynucleotide by oligonucleotide-directed mutagenesis. In oligonucleotide- 

directed mutagenesis, a short sequence of the polynucleotide is removed from the polynucleotide using restriction 

20 enzyme digestion and is replaced with a synthetic polynucleotide in which various bases have been altered from the 
original sequence. The polynucleotide sequence can also be altered by chemical mutagenesis. Chemical mutagens 
include, for example, sodium bisulfite, nitrous acid, hydroxylamine, hydrazine or formic acid. Other agents which are 
analogues of nucleotide precursors include nitrosoguanidine, 5-bromouracil, 2-aminopurine. or acridine. Generally, 
these agents are added to the PGR reaction in place of the nucleotide precursor thereby mutating the sequence. 

2S Intercalating agents such as proflavine, acrrflavine, quinacrine and the like can also be used. Random mutagenesis of 
the polynucleotkJe sequence can also be achieved by irradiatkw with X-rays or ultravwlet light. Generally, plasmid DNA 
or DNA fragments so mutagenized are introduced into E. coli and propagated as a pool or library of mutant plasmkls. 
[0141] Alternatively the small mixed populatton of specific nucleic acids may be found in nature in that they may 
consist of different alleles of the same gene or the same gene from different related species (i.e., cognate genes). 

30 Altemativoly. they may be related DNA sequences found within one species, for example, the immunoglobulin genes. 
"^iiJ^ [0142] Once the mixed population of the specific nucleic ackl sequences is generated, the polynucleotkJes can be 

used directly or inserted into an appropriate ckwing vector, using techniques well-known in the art. 
[0143] The choice of vector depends on the size of the polynucleotide sequence and the host cell to be employed 
in the methods of this invention. The templates of this inventkjn may be plasmkls. phages, cosmids, phagemkJs, viruses 

35 (e.g., retroviruses, parainfluenzavinjs, herpesviruses, reoviruses, paramyxoviruses, and the like), or selected portkMis 
thereof (e.g., coat protein, spike glycoprotein, capsid protein). For example, cosmkis and phagemids are preferred 
where the specific nuclek; acid sequence to be mutated is larger because these vectors are able to stably propagate 
large nucleic acid fragments. 

[0144] If the mixed population of the specific nucleic ackl sequence is ckx^ed into a vector it can be ctonalty amplified 
40 by inserting each vector into a host cell and altowing the host cell to amplify the vector. .This is referred to as ctonal 
amplificatton because while the absolute number of nucleic ackl sequences increases, the number of mutants does 
not increase. 

Utility 

46 

[01 4S] The DNA shuffling method of this invention can be perfomied blindly on a pool of unknown sequences. By 
adding to the reassembly mixture otigonucleotkJes (with ends that are hbmotogous to the sequences being reassem- 
bled) any sequence mixture can be incorporated at any specific positbn into another sequence mixture. Thus, it is 
contemplated that mixtures of synthetc oligonucleotides. PGR fragments or even whole genes can be mixed into 

so another sequence library at defined positions. The insertion of one sequence (mixture) is independent from the insertkxi 
of a sequence in another part of the template. Thus, the degree of recombination, the homotagy required, and the 
diversity of the library can be independently and simultaneously varied iatong the length of the reassembled DNA. y. 
[0146] This approach of mixing two genes may be useful forthe humanizatksn of antibodies from murine hybrkJomas. 
The approach of mixing two genes or inserting mutant sequences into genes may be useful for any therapeutcally.^ 

55 used protein, for example, interieukin I, antibodies, tPA, growth hormone, etc. The approach may also be useful m any 
nucleic acM for example, promoters or introns or 3" untranslated region or 5* untranslated regtons of genes to increase 
expression or alter specificity of expression of proteins. The approach may also be used to mutate ribozymes or aptam- 
ers. 
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[0147] Shuffling requires the presence of homologous regions separating regions of diversity. Scaffold-like protein 
structures may be particularly suitable for shuffling. The consented scaffold determines the overall folding by seff- 
associatton. while displaying relatively unrestricted loops that mediate the specific binding. Examples of such scaffolds 
are the immunogloburin beta-barrel, and the four-helix bundle (24). This shuffling can be used to create scaffold-like 
proteins with various combinations of mutated sequences for binding. 

In Vitro Shuffling 

[01 48] The equivalents of some standard genetic matings may also be performed by shuffling in vitro. For example, 
a 'molecular backcross' can be performed by repeated mixing of the mutant's nucleic acid with the wild-type nucletc 
acid while selecting for the mutations of interest. As in traditional breeding, this approach can be used to combine 
phenotypes from different sources into a background of choce. It is useful, for example, for the removal of neutral 
mutations that affect unselected characteristics (i.e. immunogenlcity). Thus it can be useful to detemiine which muta- 
tions in a protein are involved in the enhanced biologcal activity and which are not. an advantage which cannot be 
achieved by error-prone mutagenesis or cassette mutagenesis methods. 

[01 49] Large, functional genes can be assembled correctly from a mixture d small random fragments. This reaction 
may be of use for the reassembly of genes from the highly fragmented DNA of fossils (25). In addition random nucleic 
-acid fragments-^from fossils may be combined with nucleic acid fragments from similar genes from related species. 
[01 50] It is also contemplated that the method of this invention can be used for the in vitro amplificatkxi of a whole 
genome from a single cell as is needed for a variety of research and diagnostic applications. DNA amplificatkxi by 
PGR is in practfce limited to a length of about 40 kb. Amplificatkjn of a whole genome such as that of £ colt (5.000 kb) 
by PGR would require about 250 primers yieWing 125 forty kb fragments. This approach is not practical due to the 
unavailability of sufficient sequence data. On the other hand, random digestion of the genome with DNAsel. followed 
by get purificatkxi of small fragments will provkie a multitude of possible primers. Use of this rnix of random small 
fragments as primers in a PGR reactkxi atone or with the whole genome as the template shouW result in an inverse 
chain reactkxi wrth the theoretical endpoint of a single concatemer containing many copies of the genome. 
[01 51] 100 foW amplificatkxi in the copy number and an average fragment size of greater than 50 kb may be obtained 
when only random fragments are used (see Example2)- It is thought that the larger concatemer is generated by werlap 
of many smaller fragments. The quality of specife PGR products obtained using synthetic primerswill be indistinguish- 
able from the product obtained from unamplified DNA It is expected that this approach will be useful for the mapping 

of genomes: ' ^ ■ * ,u 

[0152] The polynucleotide to be shuffled can be fragmented randomly or non-randomly. at the discretion of the prac- 



In Vivo Shuffling 



[0153] In an embodiment of in vivo shuffling, the mixed populatkxi of the specific nucleic acid sequence is introduced 
into bacterial or eukaryotic cells under conditions such that at least two different nucleic acki sequences are present 
in each host cell. The fragments can be introduced into the host cells by a variety of different methods. The host cells 
can be transformed with the fragments using methods known in the art. for example treatment with calciurn chtoride. 
I! the Iragrnents are inserted into a phage genome, the host cell can be transf acted with the recombinant phage geiiome 
having the specifk; nuciek; acid sequences. Alternatively, the nucleic acid sequences can be introduced into the hpst 
cell using etectroporatkxi. transfection, lipofectkxi. bolistics, conjugation, and the like. 

[01S41 In general, in this embodiment, the specific nuclec acids sequences will be present in vectors which are 
capable of stabty replcating the sequence in the host cell. In addition, it is contemplated that the vectors wilt encode 
a marker gene such that host cells having the vector can be 8elected,:Ttii8 ensures that the mutated specific nucleic • 
acid sbquence^cah be recovered after introductkxi into the host celK^However^iit isppntemplated^mg^me^e^^ 
populatk)n of'th6 specific nuclac ackl sequences need not be present on a vector sequence. Rameronly a syfRciw^ 
number of sequences need be ckxied into vectors-to ensure that after^introduction of the f ragn^ents-into the ho^ cells 
each^host cell contains one-vector having at least one specific nucleic;ackl sequence present therein, ins also con- 
templated that rather than having a subset of the population of the specifk; nucleic acids sequences cloned mtavectors. 
this subset rnay be iairMdy 'staWy integrated - :: . . . a ,-^ > ^ » . 

[015S] It ha^been found that when two fragments. whtoh have regionsof identity are inserted into the host cells 
homotogous rec<finbinalk)n occurs betw^ the two fragments. Such recomb^^^ between the two. mutatol specific 
nucleic acid sequeiices will resutt in the production of double or4^^^ ^ .<v . 

[01 56] It has also been found that the frequency of recombination is increased if some of the mutated specific nucleic 
acid sequences are present on linear nucleic acid molecules. Therefore, in a preferred embodirnent. some of the 
specific nuclec acid sequences are present on linear nucleic acid fragments. 
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[0157] After transformation, the host cell transformants are placed under selection to identify those host cell trans- 
formants which contain mutated specific nucleic acid sequences having the qualities desired. For example, if Increased 
resistance to a particular drug is desired then the transformed host cells may be subjected to increased concentrations 
of the particular drug and those transformants producing mutated proteins able to confer Increased drug resistance 
s will be selected. If the enhanced ability of a particular protein to bind to a receptor is desired, then expression of the 
protein can be induced from the transformants and the resulting protein assayed in a ligand binding assay by methods 
known in the art to identify that subset of the mutated population which shows enhanced binding to the ligand. Alter- 
natively, the protein can be expressed in another system to ensure proper processing. 

[01 58] Once a subset of the first recombined specific nucleic acid sequences (daughter sequences) having the de- 
JO sired characteristics are identified, they are then subject to a second round of recombination. 

[01 59] In the second cycle of recombination, the recombined specific nucleic acid sequences may be mixed with the 
original mutated specific nucleic acid sequences (parent sequences) and the cycle repeated as described above. In 
this way a set of second recombined specific nucleic acids sequences can be identified which have enhanced char- 
acteristics or encode for proteins having enhanced properties. This cycle can be repeated a number of times as desired. 

IS [01 60] It is also contemplated that in the second or subsequent recombination cycle, a backcross can be performed. 
A molecular t>ackcross can be performed by mixing the desired specific nucleic acid sequences with a large number 
of the wild-type sequence, such that at least one wild-type nucleic acid sequence and a mutated nucleic acid sequence 
— — ^ are preseftt in the same host cell after transformation. Recombination with the wild-type specific nucleic acid sequence 
will eliminate those neutral mutations that may affect unsetected characteristics such as immunogentcity but not the 

20 selected characteristics. 

[01 61] In another embodiment of this inventran, it is contemplated that during the first round a subset of the specific 
nucleic acid sequences can be fragmented prior to introduction into the host cell. The size of the fragments must be 
large enough to contain some regkxis of identity with the other sequences so as to homologously recombine with the 
other sequences. The size of the fragments will range from 0.03 kb to 100 kb more preferably from 0.2 kb to 10 kb. It 

25 Is also contemplated that in subsequent rounds, all of the specific nucleic ackJ sequences other than the sequences 
selected from the prevnus round may be cleaved into fragments prk^r to introductbn into the host cells. 
[01 62] Fragmentation of the sequences can be accomplished by a variety of method known in the art. The sequences 
can be randomly fragmented or fragmented at specific sites in the nucleic ackJ sequence. Flandom fragments can be 
obtained by breaking the nucleic acid or exposing it to harsh physical treatment (e.g., shearing or irradiation) or harsh 

30 chemk»l agents (e.g., by free radicals; metal ions; ackJ treatment to depurinate and cleave). Random fragments can 
also be obtained, in the case of DNA by the use of DNase or like nuclease. The sequences can be cleaved at specific 
sites by the use of restrctk)n enzymes. The fragmented sequences can be single-stranded or double-stranded. If the 
sequences were originally single-stranded they can be denatured with heat, chemicals or enzymes prior to insertion 
into the host cell. The reactkxi conditions suitable for separating the strands of nucleic ackJ are well known in the art. 

35 [01 63] The steps of this process can be repeated indefinitely, being limited only by the number of possible mutants 
which can be achieved. After a certain number of cycles, all possible mutants will have been achieved and further , 
cycles are redundant. 

[0164] In an embodiment the same mutated template nuclei acid is repeatedly recombined and the resulting re- 
combinants selected for the desired characteristic. 

40 [0165] Therefore, the initial pool or population of mutated template nucleic acki is ck>ned into a vector capable of 
replKating in a bacteria such as E coti. The particular vector is not essential, so long as it is capable of autonomous 
reptcatbn In E. coll. In a preferred embodiment, the vector is designed to allow the expressk}n and productkxi of any 
protein encoded by the mutated speciftc nucleic acid linked to the vector. It is also preferred that the vector contain a 
gene encoding for a selectable marker. 

<5 [01 66] The population of vectors containing the pool of mutated nucleic ackJ sequences is introduced into the E. coli 
host cells. The vector nuciek; ackf sequences may be introduced by transformation, transfectkxi or tnfectkxi Jn the 
case of phage. The concentratkxi of vectors used to transform the bacteria is such that a number of vectors is introduced 
into each cell. Once present in the cell, the efficiency of homotogous recombination is such that honrwtogous reoom- 
binatkxi occurs between the varkHis vectors. This results in the generatk}n of mutants (daughters) having a combinatkxi 

so of mutations which differ from the original parent mutated sequences, .i 

[01 67] The host cells are then ckxially replteated and selected for the marker gene present on the vector Only those 
cells having a plasmid will grow under the selection. 

[0168] The host cells whk;h contain a vector are then tested for the presence of favorable mutatkms. Such testing 
may consist of placing the cells under selective pressure, for example,. if the gene to be selected is an improved drug 
55 resistance gene. If the vector allows expression of the protein encoded by the mutated nucleic ackj sequence, then 
such selection way include albwing expression of the protein so encoded, Isolation of the protein and testing of the 
protein to determine whether, for example, it binds with increased efTiciency to the ligand of interest. 
[0169] Once a particular daughter mutated nucleic acid sequence has been identified whch confers the desired 
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characteristics, the nucleic acid is isolated either already linked to the vector or separated (rem the vector This nucleic 

acid is then mixed with the first or parent population of nuciek; acids and the cycle is repeated. 

[0170] It has been shown that by this method nucleic acid sequences having enhanced desired properties can be 

[0171] In an aftemato embodiment, the first generation of mutants are retained in the cells and the parental mutated 
sequences are added again to the cells. Accordingly, the first cycle of Embodiment I is conducted as described above. 
However, after the daughter nucleic ackJ sequences are identified, the host cells containing these sequences are 
retained. 

[0172] The parent mutated specific nucleic acid population, either as fragments or cloned into the same vector is 
introduced into the host cells already containing the daughter nucleic acids. Recombination is allowed to occur in the 
cells and the next generation of recombinants, or granddaughters are selected by the methods described above. 
[01 73] This cycle can be repeated a number of times until the nucleic acid or peptide having the desired characteristics 
is obtained. It is contemplated that in subsequent cycles, the population of mutated sequences which are added to the 
preferred mutants may come from the parental mutants or any subsequent generation. 

[01 74] In an alternative embodiment, the invention provides a method of conducting a 'molecular' backcross of the 
obtained recombinant specific nuclew acid in order to eliminate any neutral mutations. Neutral mutations are those 
mutations whwh do not confer onto the nucleic acid or peptkJe the desired properties. Such mutations may however 
confef.oo=th9 nucleic acid or peptide undesirable characteristics. Accordingly, it is desirable to eliminate such neutral 
mutations. The method of this invention provide a means of doing so. 

[01 75] In this embodiment, after the mutant nucleic ackl, having the desired characteristics, is obtained by the meth- 
ods of the embodiments, the nucleic acid, the vector having the nucleic acid or the host cell containing the vector and 
nucleic acid is isolated. 

[0176] The nucleic acid or vector is then introduced into the host cell with a large excess of the wild-type nucleic 
acid. TTie nucleic acid of the mutant and the nucleic acid of the wild-type sequence are allowed to recombine. The 
resulting recombinants are placed under the same selection as the mutant nucleic ackl. Only those recombinants which 
retained the desired characteristk» will be selected. Any silent mutatrons which do not provide the desired character- 
istics will be lost through recombinatton with the wikJ-type DNA. This cycle can be repeated a nunnber of times until all 
of the silent mutations are eliminated. 

[0177] Thus the methods of this invention can be used in a molecular backcross to eliminate unnecessary or silent 
mutations. 

Utility 

[0178] The in vivo recombination method of this inventkxi can be performed blindly on a pool of unknown mutants 
or alleles of a specific nucleic acki fragment or sequence. However, it is not necessary to know the actual DNA or RNA 
sequence of the specific nuciek; ackl fragment. 

[0179] The approach of using recombination within a mixed population of genes can be useful for the generation of 
any useful proteins, for example, interleukin I. antibodies, tPA. growth hormone, etc. This approach may be used to 
generate proteins having altered specificity or activity. The approach may also be useful for the generation of mutant 
nucleic ackJ sequerwes. for example, promoter regwns, introns, exons, enhancer sequences. 3' untranslated regions 
or 5' untranslated regkxis of genes. Thus this approach may be used to generate genes having increased rates of 
expression. This approach may also be useful in the study of repetitive DNA sequences. Finally, this approach may 
be useful to mutate ribozymes or aptamers. • 
[0180] ScaftokJ-like regions separating regions of diversity in proteins may be partfeularly suitable for the methods 
of this invention.l The conserved scaffold detotmines the overall folding by selfrassoctation. while displaying relatively 
unrestricted loops that mediate the specify binding. Examples of such scaffolds are the immunogtobulin beta barrel, 
and the four-helK buridle. The methods of this inventton can be used to create scaffokJ-like proteins with various con> ^ 
binattons of mutated sequences for binding. v ' 

[0181]' The equivalents of sonw starwbrd genetic matings may also be performed by the methods of this invention.. 
For example, a "rrwlecular" backcross can be performed by repeated mixing of the mutant's nucleic acid with the wiki- 
type nucleic ackJ white selecting for the mutations of interest. As in tradittonal breeding, this approach can be used to 
combine phenotypes from different sources into a background of choice.,lt is useful, for example.- for the renwval of 
neutral mutations that affect unselecied characteristics (i.e. immunogenKity). Thus it can be useful to detemiine whch, 
mutations in a protein are involved in the enhanced biotogical activity and whkih are not. - 

Peptide Disolav Methods * 

[01 82] The present method can be used to shuffle, by in vitro and/or in vivo recombination by any of the disclosed 
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methods and in any combinalton. polynucleotide sequences selected by peptide display methods, wherein an asso- 
ciated polynucleotide encodes a displayed peptide which is screened for a phenotype (e.g.. for affinity for a predeter- 
mined receptor {ligand). ^ . ^. . . *U J 
[0183] An increasingly important aspect of bbpharmaceutical drug development and molecular biology is the iden- 
tification of peptide structures, including the primary amino acid sequences, of peptides or peptidomlmetics that interact 
with biological macromolecules. One method of identifying peptides that possess a desired structure or functional 
property such as binding to a predetermined biological macromolecule-(e.g.. a receptor), Involves the screening of a 
lar^e library or peptides for individual library members which possess the desired structure or functional property con- 
ferred by the amino acid sequence of the peptide. ^ 

[0184] In addition to direct chemical synthesis methods for generating peptide libraries, several recombinant DNA 
methods also have been reported. One type involves the display of a peptide sequence, antibody, or other protein on 
the surface of a bacteriophage particle or cell. Generally, in these methods each bacteriophage particle or cell serves 
as an individual library member displaying a single species of displayed peptide in addition to the natural bactenophage 
or cell protein sequences. Each bacteriophage or cell contains the nucleotide sequence infomiation encoding the 
particular displayed peptide sequence; thus, the displayed peptide sequence can be ascertained by nucleotide se- 
quence determination of an isolated library member 

[01 8S] A well-known peptide display method involves the presentation of a peptide sequence on the surface of a 
. .filamentoua bacteriophage, typically as a fusion with a bacteriophage coat protein. The bacteriophage library can be 
incubated with an immobilized, predetermined macromolecule or small molecule (e.g.. a receptor) so that bacten- 
ophage particles which present a peptide sequence that binds to the immobilized macromolecule can be differentially 
partittoned from those that do not present peptide sequences that bind to the predetermined macromolecule. The 
bacteriophage particles (i.e., library members) which are bound to the immobilized macromolecule are then recovered 
and replicated to amplify the selected bacteriophage subpopulation for a subsequent round of affinity enrichment and 
phage replication. After several rounds of affinity enrichment and phage replication, the bacteriophage library members 
that are thus selected are isolated and the nucleotide sequence encoding the displayed peptide sequence is deter- 
mined thereby identifying the 56quence(s) of peptides that bind to the predetermined macromolecule (e.g., receptor). 
Such methods are further described in PCT patent publication Nos. 91/17271 . 91/18980. and 91/19818 and 93/08278. 
[01861 The latter PCT publication describes a recombinant DNA method for the display of peptide ligands that in- 
volves the production of a library of fusion proteins with each fusion protein composed of a first polypeptide portion, 
typically comprising a variable sequence, that is available for potential binding to a predetermined macromolecule, and 
a second polypeptide portion that binds to DNA, such as the DNA vector encoding the individuat fusion protein. When 
transformed host cells are cultured under conditions that allow for expression of the fusion protein, the fusion protein 
binds to the DNA vector encoding it. Upon lysis of the host cell, the fusion proteinA^ector DNA complexes can be 
screened against a predetermined macromolecule in much the same way as bacteriophage particles are screened m 
the phage4>ased display system, with the replication and sequencing of the DNA vectors in the selected fusion protein/ 
vector DNA complexes serving as the basis for identification of the selected library peptide 8equence(s). 
[0187] Other systems for generating libraries of peptides and like polymers have aspects of both the recombinant 
and in vitro chemical synthesis methods. In these hybrkJ methods, cell-free enzymatic machinery is employed to ac- 
comSihlhe in vjtro synthesis of the library members (i.e., peptdes or polynucleotides). In one type of method, RNA 
molecules wrth the ability to bind a predetennined protein or a predetermined dye molecule were selected by alternate 
rounds of selectkxi and PGR amplification auerk and GoW (1990) Science 249: 505; Ellington and Szostak (1990) 
Nature 346 818) A similar technique was used to dentify DNA sequences which bind a predetemitned human tran- 
^^o^tector (Thiesen and Bach ngoo^ Nudeic Ackjs Res. 18: 3203; Beaudry and Jc^ce (1 992) Science 257 ; 635; 
PCT patent publfcatton Nos. 92rt)5258 and 92/14843). In a similar fashion, the technique of jn vitro Iranslatlon has 
been used to synthesize proteins of interest and has been proposed as a method for generating large libranes of 
peptides Ttieso methods whch rely upon Jn vitro translation, generally; comprising stabilized polysome complexes, 
are described further in PCT patent publication Nos. 88A)8453. 90/05785. 90/07003. 91/02076, 91/05058. and 
92/02536 Applicants have described methods in which library members comprise a fusion protein having a first 
polypeptide portion with DNA binding activity and a second polypeptide portwn having the library member unique 
peptide sequence; such methods are suitable for use in celMree in vjtro selectkxi formats, among others.. 
[0188] The displayed peptkJe sequences can be of varying lengths, typically from 3-5000 amino ackls long or longer, 
frequently from 5-100 amino acids long, and often from about 8-15 amino acids long. A library can comprise. library 
members having varying lengths of displayed peptide sequence, or vnay comprise library members having a foed 
length of displayed peptide sequence. Portions or at) of the displayed peptide sequence(8) can be random, pseudor; 
andom defined set kemal. fixed, or the like. The present display methods include methods f or in vrtro and in vfiio 
display of single^Jhain antibodies, such as nascent scFv on polysomes or scFv displayed on phage, which enable 
large-scale screening of scFv libraries having broad diversity of variable region sequences and binding specificities. 
[0189] The present invention also provkles random, pseudorandom, and defined sequence framework peptWe Ih 
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braries and methods for generating and screening those libraries to identify useful compounds (e.g., peptides, including 
single-chain antibodies) that bind to receptor molecules or epitopes of interest or gene products that modify peptides 
or RNA in a desired fashion. The random, pseudorandom, and defined sequence framework peptides are produced 
from libraries of peptide library members that comprise displayed peptides or displayed single-chain antibodies at- 
5 tached to a polynucleotide template from which the displayed peptide was synthesized. The nrwde of attachment may 
vary according to the specific embodiment of the invention selected, and can include encapsidation in a phage particle 
or incorporation in a cell. 

[0190] A method of affinity enrichment allows a very large library of peptides and single-chain antibodies to be 
screened and the polynucleotide sequence encoding the desired peptide(s) or single-chain antibodies to be selected. 

10 The polynucleotide can then be isolated and shuffled to recombine combinatorially the amino acid sequence of the 
selected peptide(s) (or predetermined portions thereof) or single-chain antibodies (or just V^. V^, or CDR portions 
thereof). Using these methods, one can identify a peptide or single-chain antibody as having a desired binding affinity 
for a molecule and can exploit the process of shuffling to converge rapidly to a desired high-affinity peptide or scFv. 
The peptide or antibody can then be synthesized in bulk by conventional means for any suitable use (e.g., as a ther- 

15 apeutic or diagnostic agent). 

[0191] A significant advantage of the present invention is that no prior information regarding an expected ligand 
structure is required to isolate peptide ligands or antibodies of intcrestr The peptide identified can have biotogical 
^activity^which'is meant to include at least specific binding affinity for a selected receptor molecule and. in some in- 
stances, will further include the ability to block the binding of other compounds, to stimulate or inhibit metabolic path- 

20 ways, to act as a signal or messenger, to stimulate or inhibit cellular activity, and the like. 

[0192] The present invention also provkles a method for shuffling a pool of polynucleotide sequences selected by 
affinity screening a library of polysomes displaying nascent peptkJes (including single-chain antibodies) for library mem- 
bers which bind to a predetermined receptor (e.g., a mamn«lian proteinaceous receptor such as, for example, a pep- 
tidergic hormone receptor, a cell surface receptor, an intracellular protein which binds to other protein(s) to fomi intra- 

2S cellular protein complexes such as heterodlmers and the like) or epitope (e.g., an immobilized protein, glycoprotein, 
oligosaccharide, and the like). 

[0193] Polynucleotide sequences selected in a first selectron round (typically by affinity selection for binding to a 
receptor (e.g.. a tigand) by any of these methods are pooled and the pool(8) is/are shuffled by jn vitro and/or jn vivo 
recombinaton to produce a shuffled pool comprising a populatkwi of recombined selected polynucleotkJe sequences. 

30 The recombined selected polynucleotide sequences are subjected to at least one subsequent selection round. The 
potynucleolkJe sequences selected in the subsequent selectkxi round(8) can be used directly, sequenced, and/or sub- 
jected to one or more additional rounds of shuffling and subsequent selectkxi. Selected sequences can also be back- 
crossed with polynucleotide sequences encoding neutral sequences (i.e., having insubstantial rfunctonal effect on 
binding), such as for example by backcrossing with a wiW-type or naturally-occurring sequence substantially ^enticat 

3S to a selected sequence to produce native-like functional peptides, which may be less immunogenic. Generally, during 
backcrossing subsequent selection is applied to retain the property of binding to the predetemiined receptor (ligand). 
[0194] Prbrto or concomitant with the shuffling of selected sequences, the sequences cari be mutagenized. In one 
embodiment, selected library members are ctoned in a prokaryotic vector (e.g.. plasmkJ, phagemid. or bacteriophage) 
wherein a collection of iridividual cotonies (or plaques) representing discrete library members are produced; I ndivklual 

40 selected library members can then be man iputated (e.g. , by site-directed mutagenesis, cassette mutagenesis, chemical 
mutagenesis, PGR mutagenesis, and the like) to generate a collection of library-members representing a kemal of 
sequence diversity based on the sequence of the selected library member The sequence of an individual selected 
library member of pool dan be manipulated to incorporate random mutatton,, pseudorandom mutaton, defined, kernal 
mutatkan (i!e., comprising variant and invariant resklue positkxis and/or comprising variant resklue positions which can 

45 comprise a resklue selected from a defined subset of amino ackl reskJues),- codon-based mutatkxi, and the like, either 
segmentalty or over ihS entire length of the individual selected library member sequence. The mutagenized selected • 
iihrafymambefs iBtre thOT shuffled bv in vitro and/or in vivo recombinatorial shuffling as dischased: herein. , ; . - 
[0195] The invention also provides peptide libraries comprising a plurality of indivkJual library nrwmbers of the inven- - 
tion. wherein (i ) each individual library member of sakJ plurality comprises a sequence produced by shuffling of a pool 

so of selected sequences and (2) each indivklual library member comprises a variable peptide segment sequence or 
single-chain ahtilxxiy segment sequence which is distinct from the variable'peptkte'segmentisequences or single- 
chain antibody swiuences of other indivkJual library members in said plurality (althou^ some libraiy members may 
be present in rnore than one copy per library due to uneven amplifKation, stochastic probability,;or the like). \ 
[0196] The invehtkwi also' provkles a product-byiirocess, wherein t selected polynucleotide sequence hayin 

55 encoding a peptkle having) a predetermined binding specificity are formed by the process of :^(1 ) screening a displayed : 
peptide or displayed single-chain antibody library against a predetemiined receptor. (e.g., ligand) or epitope (e.g.. an- 
tigen macrbmolecule) and identifying and/or enriching library members which bind to the predetemnlned receptor or 
epitope to produce a pool of selected library members, (2) shuffling by recombinatton the selected library members (or 
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amplified or cloned copies thereof) which binds the predetermined epitope and has been thereby isolated and/or en- 
riched from the library to generate a shuffled library, and (3) screening the shuffled library against the predetermined 
^^i-^ receptor (e.g., Ilgand) or epitope (e.g., antigen macromolecule) and identifying and/or enriching shuffled library mem- 

bers which bind to the predetermined receptor or epitope to produce a pool of selected shuffled library members. 

s 

Antibody Display and Screening Methods 

[0197] The present method can be used to shuffle, by in vitro and/or In vivo recombination by any of the disclosed 
methods, and in any combination, polynucleotide sequences selected by antibody display methods, wherein an asso- 
10 ciated polynucleotide encodes a displayed antibody which is screened for a phenotype (e.g., for affinity for binding a 
predetermined antigen (ligand). 

[0198] Various molecular genetic approaches have been devised to capture the vast immunological repertoire rep- 
resented by the extremely large number of distinct variable regions which can be present in immunoglobulin chains. 
• The naturally Hxcurring gemnline immunoglobulin heavy chain locus is composed of separate tandem arrays of variable 
(V) segment genes located upstream of a tandem array of diversity (D) segment genes, which are thennselves located 
upstream of a tandem array of joining (J) region genes, which are located upstream of the constant (Ch) region genes. 
During B lymphocyte development, V-D-J rearrangement occurs wherein a heavy chain variable region gene (V^) is 

^^^formed:byirearrangement to form a fused 0-J segment followed by rearrangement with a V segment to form a V-D-J 

joined product gene which, if productively rearranged, encodes a functional variable region (V^) of a heavy chain. 
20 Similariy, light chain loci rearrange one of several V segments with one of several J segments to form a gene encoding 
the variable region (VJ of a light chain. 

[0199] The vast repertoire of variable regions possible in immunoglobulins derives in part from the numerous com- 
hinatorial possibilities of joining Vand J segments (and, in the case of heavy chain loci, D segments) during rearrange- 
ment in B cell development. Additional sequence diversity in the heavy chain variable regions arises from non-uniform 
2S rearrangements of the D segments during V-D-J joining and from N region addition. Further, antigen-selection of specific 
B cell clones selects for higher affinity variants having nongermline mutations in one or both of the heavy and light 
chain variable regions; a phenomenon referred to as 'affinity maturation" or 'affinity sharpening*. Typically, these "af- 
finity sharpening" mutations cluster in specific areas of the variable region, most commonly in the complementarity- 
determining regions (CORs). 

30 [0200] In order to overconreniany of the limitations in producing and identifying high-affinity immunoglobulins 

antigen-stimulated B ceil development (i.e., immunization), various prokaryotic expression systems have been devel- 
oped that can be manipulated to produce combinatorial antibody libraries which may be screened for high-affinity 
antibodies to specific antigens. Recent advances in the expression of antibodies in Escherichiaroji and bacteriophage 
systems ^ee, 'Alternative Peptide Display Methods', infm) have raised the possibility that virtually any specificity can 

35 be obtained by either cloning antibody genes from characterized hybridomas or by de novo selection using antibody 
gene libraries (e.g., from Ig cDNA). 

[0201] Combinatorial libraries of antibodies have been generated in bacteriophage lambda expression systems which 
may be screened as bacteriophage ptaques or as colonies of lysogens (Huse et at. (1989) Science 246: 1275; Caton 
and Koprowski f 19901 Proc. Natt. Acad. Sci. (U.S.A.) 87: 6450; Mullinax et al (1990) Proc. Natl. Acad. Sci. (U.S.A.) 

40 87: 8095; Persson et al. M99n Proc. Natl. Acad. Sci. fU.S.A.) 88: 2432). V&rious embodiments of bacteriophage 
antibody display libraries and lambda phage expression libraries have been described (Kang et at. (1991) Proc. Natl. 
Acad. Sci. (U.S.A.) 68: 4363; Clackson et al. (1 991 ) Nature 352: 624; McCafferty et al. (1 990) Nature 348 : 552; Burton 
et al. f1991) Proc. Natl. Acad. Sci. (U.S.A.) 88: 10134; Hoogenboom et al. f1 991) Nucleic Acids Res. 19: 4133; Chang 
etal. (1991) J. Immunol. 147 : 3610; Breitling et al. (1991) Gene 104 : 147; Marks etal. (1991) J. Mot. Biol. 222: 581: 

45 Barbas et al. (1992) Proc. Natl. Acad. Sci. (U.S.A.) 89: 4457; Hawkins and Winter (1992) J. Immunol. 22: 867: Marits 
et al. (1992) Biotechnologv 10: 779; Marks etal. (1992) J. Biol. Chem. 267 : 16007; Lowman etal (1991) Bkxhemistrv 
^: 10832; Lemer et al. (1992) Science 258: 1313, incorporated herein by reference). Typically, a bacterbphage an- 
tibody display library is screened with a receptor (e.g., polypeptide, carbohydrate, glycoprotein, nucleic acid) that is 
immobilized (e.g., by covalent linkage to a chromatography resin to enrch for reactive phage by affinity chromatogra- 

50 phy) and/or labeled (e.g., to screen plaque or colony lifts). 

[0202] One particularly advantageous approach has been the use of so-called single-chain fragment variable (scFv) . 
libraries (Marks et al. (1992) Bk>technologv 10: 779; Winter G and Milstein.C (1991) Nature 349: 293; Clackson et al. 
(1991) op.cit. ; Marks etal. (1991) J. Mol. Biol. 222 : 581 : Chaudhan^et aL(1990) Proc. Natl. Acad. Sci. (USAV B7: 1066; 
Chiswell et al. (1 992) TIBTECH 10: 80; McCafferty et al. (1 990) op.cit. ; and Huston et al. (1988) Proc. Natl. Acad. Sci. 

ss (USA) 85: 5879). \^rk)us embodiments of scFv libraries displayed on bacteriophage coat proteins have been described. 
[0203] Beginning in 1 988, single-chain anak>gues of Fv fragments and their f u&k)n proteins have been reliably gen- 
erated by antibody engineering methods. The first step generally involves obtaining the genes encoding Vh and V|, 
domains with desired binding properties; these V genes may be isolated from a specific hybridoma cell line, selected 
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a K»ulationscFv tor binding to a predelarminod epitope (e g. jargetantigan.rM^^^ 

t^^e^^^uaecylJot a library member provides the basis (or repiicatior, ol the library member aHer a 
(0205J y'^^'T:^^^^^,. and 3,30 provides the basis lor the detemiination, by nucleotide sequencing, of the 

eS^slant regions^H and CJ to lorn, polynucleotkJes eroding complete ant,bad»s e.g.. ch^m^ic o^ lu^^- 
h^> ^tody fragments, ^d the Kke. Often polynucleotides encoding the isolated CDRs w.1 be grafted ^to po^^ 
n S^W^^ng a su«able variable region framework (and optional^ constant regtons) to form P°¥>^<^^ 
"enS^mZe »>tibodies (e.g., humanized or fully-human), antibody fragments, and me l,ke. Antibodies c^ be 
us^o is^e P oparative quantfties of .he antigen by immunoafoity chromatography Venous other uses ^ such 
^d^etodia^eaSd/or stage dfeease(e.g., neoplase), and for therapeutic applK:at»no treat disease, such 
^ o^e^ple neoptete, autoimmune disease, AIDS, cardiovascular disease, infections and Uie like. 
^ TSjus 3»ds have been reported for increasing the combinatorial dhrersiV of a scFv library to broaden 
r^r^rT^ bwl^pecies (idotypTspectrum). The use of PGR has pemiMed the variable reg»ns to ^ r^ri^ 
i!,!?trBM™nTsiwcific hvbridorTB source or as a gene library from non-immunized cells, affording combinatonal 
d^^it^^ thlrs^rtrnK^, Sssenes whki can be combined. Furthem«re, the Vh and V, cassettes can 
r2rb:rr:rs°uch"asbyri,dom.pseudc.^^ 

are diversified in or near the complementarity-determining regions (CDRs). often the third CDR. CDH3. t"^^"^ 
TerPCR mlgenesis has been shown to be a s^iple and reliable n^thod (o, construct.g rebt^rev j^^^"^ 
r^FvXirectil mutants (Stemmeretal. (1 993) «2!SS!inia«2S J*: 256), as h^ errori^^^ 
miSmnesMDeng et al (1994)iB!2LC£!S!TL 269: 9533). Riechmann et al. (1993) Bjochemsta^. 8848 showed 
«^KTSt^t, anlibod7^^?7i;iiS;^^ randc«,ization by degenerate oligonucleotKte 

PCRSbX^nrp^gTdiiSy of the reLltantscFvmutants. Barbae et^ 

the pr^terllS^C^oirTsL resulUng from us^g biased variable regk^ sequences by random^ing the se- . 
niiancB in a svnthetK CDR regton of a human tetanus loxoid-binding Fab. _ _ 

?^CDRT^totto,ha8 the potential to crea^^ 

'^.oughj^rn^erof variants of the heavy chain com and CDR2, and lightcta^ 

^dK^^iS^w toaether the combinatorics of CDR randomizatton of heavy an*or light chains requires generating a 

^Tes^'liese substantBl Imitations, bacteriophage d«play of.'scFv have already V'.^'^^.^^t^^'' "^^^^^ 
Slies^d^body tuskx, proteins. A bfepecmc shgle chain anttoody has been shown to T^^^l^f^"' *^ 
!2 1 i^n4rt,tretT^[1994) J Immunol. 152: 5368). Intracellular, expression o(,an anti-Rev scRy has^^besr? shpwn 
o LSL1v-f^l^eSS2^^^ (^994)Proc Natl.^>Sci..(USA19r ^^'^f^^^^ 

Lr^ aSl^l^ scRl^been Shown ttfhhtoit metotic '~«"™«^'<''M2 '^^^^ 
R«.. Commun. 197: 422. Recombinant scFv.which can be.usedto djagyye HW^eet^ioo 
Z ^^reS^tenx^strating^^ ^ utility of scFv (Ultey et al.,(1994).l lmmunoL- Meth.-171: 211). 
rs:>^T»rsXre^a^scFvis,inkJ:..oas^poly^pt«^^ 

oten h<Mn rsDorted (Holvost et al. rig921 Eur. J:.Btochem. 210: 945; Nicholls.et al^(1?93) J: Biol. ChejTij^.SAK)., 
It tt^fp«I^to flene«te icFv.libraries.having broader antibody dKjensity and ove«»m«8 many ol*e 
Stool SSI CDR mutagenesis and r^^ 

re^^i^^^^binattons,menumberandqualityofscFvamibodiessuitablefor=therap^^^ 

^se^W be^tH^p^od. To address this, the jiMie and invivo shutnuig methods, of <ho .nventmare^«^^ 

r^ine C,^ wl^ic^ have been obtained (typically via PCR amplification or ctoning) from nucleic 

^se e^Sd^P^ed antibodies. Such displayed antibodies can be displayed on celb, 00 bacteriophage parities. 
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on polysomes, or any suitable antibody display system wherein the antibody is associated with its encoding nucleic 
acid(s). In a variation, the CDRs are initially obtained from mRNA (or cDNA) from antibody-producing cells (e.g., plasma 
cells/splenocytes from an immunized wild-type mouse, a human, or a transgenic mouse capable of making a human 
antibody as in W092/03918, W09a/12227, and W094/25585), Including hybridomas derived therefrom. 
[0210] Polynucleotide sequences selected in a first selection round (typically by affinity selection for displayed anti- 
body binding to an antigen (e.g., a ligand) by any of these methods are pooled and the pool(s) is/are shuffled byjn 
vitro and/or in vivo recombination, especially shuffling of CDRs (typically shuffling heavy chain CDRs with other heavy 
chain CDRs and light chain CDRs with other light chain CDRs) to produce a shuffled pool comprising a population of 
recombined selected polynucleotide sequences. The recombined selected polynucleotide sequences are expressed 
in a selection format as a displayed antibody and subjected to at least one subsequent selection round. The polynu- 
cleotide sequences selected In the subsequent selection round(s) can be used directly, sequenced, and/or subjected 
to one or more additional rounds of shuffling and subsequent selection until an antibody of the desired binding affinity 
is obtained. Selected sequences can also be backcrossed with polynucleotide sequences encoding neutral antibody 
framework sequences (i.e., having insubstantial functkxial effect on antigen binding), such as for example by back- 
crossing with a human variable region framework to produce human-like sequence antibodies. Generally, during back- 
crossing subsequent selection is applied to retain the property of binding to the predetermined antigen. 
[0211] Alternatively, or in combination with the noted variations, the valency of the target epitope may be varied to 
-contfo^thewerage binding affinity of selected scFv library members. The target epitope can be bound to a surface or 
substrate at varying densities, such as by including a competitor epitope, by dilution, or by other method known to 
20 those in the art. A high density (valency) of predetermined epitope can be used to enrich for scFv library members 
which have relatively low affinity, whereas a bw density (valency) can preferentially enrk;h for higher affinity scFv library 
members. 

[0212] For generating diverse variable segments, a collection of synthetic oligonucleotides encoding random, pseu- 
dorandom, or a defined sequence kemal set of peptide sequences can be inserted by ligation into a predetermined 
2S site (e.g., a CDR). Similariy, the sequence diversity of one or more CDRs of the single-chain antibody cassette($) can 
be expanded by mutating the CDR(s) with site-directed mutagenesis, CDR-replacement, and the like. The resultant 
DNA molecules can be propagated in a host for ckxiing and amplificatkin prk)r to shuffling, or can be used directly (i. 
e., may avokJ toss of diversity which may occur upon propagatton in a host cell) and the selected library members 
subsequently shuffled. 

/-T^ 30 [0213] Displayed peptidd/potynucleotKle complexes (library members) whk;h encode a variable segment peptide 
sequence of interest or a single-chain antibody of interest are selected from the library by an affinity enrichment tech- 
nique. This is accomplished by means of a immobilized macromolecule or epitope specific for the peptide sequence 
of interest, such as a receptor, other macromolecule, or other epitope species. Repeating the affinity setectbn proce- 
dure provides an enrichment of library members encoding the desired sequences, whk^h may. then be isolated for 

35 pooling and shuffling, for sequencing, and/or for further propagatton and affinity enrchment. 

[0214] The library members without the desired specificity are removed by washing. The degree and stringency of 
washing required will be determined for each peptide sequence or 8ingle<hain antibody of interest and the immobilized 
predetermined macromolecule or epitope. A certain degree of control can be exerted over the binding characteristics 
of the nascent peptkle/ONA complexes recovered by adjusting the conditions of the binding incubation and the sub- 

40 sequent washing. The temperature, pH, ionic strength, divalent catbns concentratkxi, and the volume and duratk)n of 
the washing will select for nascent peptkJe/DNA complexes within particular ranges of affinity for the immobilized mac- 
romolecule. Selection based on 8k>w dissociation rate, whch is usually predictive of high affinity, is often the most 
practical route. This may be done either by continued incubation in the presence of a saturating anrwunt.of free pre- 
determined macromolecule, or by increasing the volume, number, and length of the washes. In each case, the rebinding 

4S of dissociated nascent peptkle/DNA or peptida/RNA complex is prevented, and with Increasing time, nascent peptide/ 
DNA or peptide/RNA complexes of higher and higher affinity are recovered. 

[021 5] Additkxial modificatk>nd of the binding and washing procedures may be applied to find peptides with special 
characteristcs. The affinities of some peptides are dependent on nnic strength or cation concentration. This is a useful 
characteristk; for peptkles that will be used in affinity purificatnn of various proteins when gentle conditions for removing 

so the protein from the peptides are required. - . 

[021 6] One variation involves the use of multiple binding targets (multiple epitope species, multiple receptor species), 
such that a scFv library can be simultaneously screened for a multiplicity of scFv whKh have different binding specif- 
icities. Oiven that the size of a scFv library often limits the diversity of potential scFv sequences, it is typically desirable 
to us scFv libraries of as large a size as possible. The time and economic considerations of generating a number of 

ss very large polysome scFv-dispIay libraries can become prohibitive. To avoid this substantial problem, multiple prede- 
termined epitope species (receptor species) can be concomitantly screened in a single library, or sequential screening 
against a number of epitope species can be used. In one variatkxi, multiple target epitope species, each encoded on 
, a separate bead (or subset of beads), can be mixed and incubated with a polysome-display scFv library under suitable 



21 



EP 0 934 d99 A1 



mmmwMm 

Wmm^mmm 

tide sequences encompassing all or P«"""^^ seouences h^e carboxy-terminal amino acids 
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^ [0223] 



t'^^'previously. the DNA sequences will be expressed in hosts after the sequences have f^^^^^^^^ 

TJ!SZAlI^«riZ can be ^roasodby inserting^ enhancer sequence intoihe vector. Enhancem. 

proka^yotic cells, whereas calcium phosphate treatment, lipolection ^^^^'^^^J^,^^^^^ liposomes, 
hosts Other methods used to transform mammalian cells include the use of Polybrene. protoplast fuswn. l^josomes. 
electroporation. and microinjection (see. generally . Sambrook et al., syg^V antibody fragments, and 

[02271 Once expressed, the antibodies, individual mutated immunogtobulin chains, mutated antibody tragmems. 
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other immunoglobulin polypeptides of the invention can be purified according to standard procedures of the art, includ- 
ing ammonium sulfate precipitation, fraction column chronnatography, gel electrophoresis and the like (see. generally . 
Scopes, R., Protein Purification. Springer-Verlag, N.Y (1982)). Once purified, partially or to homogeneity as desired! 
the polypeptides may then be used therapeutically or in developing and performing assay procedures, immunofluo- 
rescent stainings. and the like (see, generally . Immunotogbal Methods. Vols. I and II, Eds. Lefkovfts and Pemis, Aca- 
demic Press, New York. N.Y (1 979 pnd 1 981 )). 

[0228] The antibodies generated by the method of the present invention can be used for diagnosis and therapy By 
way of illustration and not limitation, they can be used to treat cancer, autoimmune diseases, or viral infectbns. For 
treatment of cancer, the antibodies will typically bind to an antigen expressed preferentially on cancer cells, such as 
erbB-2. CEA, CD33. and many other antigens and binding members well known to those skilled in the art. 

Yeast Two-Hybrid Screening Assays 

[0229] Shuffling can also be used to recombinatorially diversify a pool of selected library members obtained by 
screening a two-hybrid screening system to identify library members which bind a predetermined polypeptide sequence. 
The selected library members are pooled and shuffled by jn vitro and/or in vivo recombination. The shuffled pool can 
then be screened in a yeast two hybrid system to select library members which bind sakJ predetermined polypeptide 
^sequence (0:9:^ and SH2 domain) or which bind an alternate predetermined polypeptide sequence (e.g., an SH2 domain 
from another protein species). 

[0230] An approach to identifying polypeptide sequences which bind to a predetermined potypeptkJe sequence has 
been to use a scxalled two-hybrkJ" system wherein the predetermined polypeptide sequence is present in a fusion 
protein (Chien et al. (1 991) Pfoc. Natl. Acad. Sci. ^USA) Rfl 9578). This approach identifies protein-protein interactwns 
jn vivo through reconstitUton of a transcriptional activator (Fields S and Song O (1 989) Nature 340: 245), the yeast 
Gal4 transcription protein. Typfcally, the method is based on the properties of the yeast Gal4 protein, whkih consists 
of separable domains responsible for DNA-binding and transcriptional activatkjn. Polynucleotides encoding two hybrid 
proteins, one consisting of the yeast GaI4 DNA-binding domain fused to a polypeptide sequence of a known protein 
and the other consisting of the Gal4 activation domain fused to a polypeptkJe sequence of a second protein, are con- 
structed and introduced into a yeast host cell, tntemrwlecular binding between the two f uston proteins reconstitutes the 
Gal4 DNA-binding domain with the Gal4 activatkwi domain, which leads to the transcriptional activatkMi of a reporter 
gene (e.g.. lacZ, HIS3) whch is operably linked to a Gal4 binding site. Typk;ally, the two+iybrid method is used to 
identify ikwel polypeptide sequences which interact with a known protein (Sifver SC and Hunt SW (1993) Mol. Bbl. 
Refi, 17: 155; Durfee et al. (1993) Genes Devel. 7: 555; Yang et al. (1992) Science 257: 680: Luban et al. (1993) Cell 
73: 1067; Hardy et aJ. (1992) Genes Devel. 6: 801, Bartel etat. (1993) Bbtechnioues 14: 920; and Vojtek et aJ. (1993) 
Ce|j 74: 205). However, variattons of the two4iybrid niethod have been used to identify mutations of a known protein 
that affect Its binding to a second known protein (Li B and Fields S (1993) FASEBJ, 7: 957; Lalo et al. (1 993) Proc. 
Natl. Acad. Sci. (USA^ 90: 5524; Jackson et al! (1 993) Mol. Cell. Biol. 13; 2899; and Madura et al. (1 993) J. Biol. Chem' 
268: 1 2046). Two-hybrid systems have also been used to Identify interacting stnjctural domains of two known proteins 
(Bardwell et al. (1993) med. Mterobiol. 8: 1177; Chakraborty et al. (1992) J. Bkal. Chem. 267: 17498; Staudinger et al 
(1 993) J. Biol. Chem. 268: 4608; and Mibie GT and Weaver DT (1 993) Genes Devel. 7: 1755) or domains responstole 
for oligomerization of a single protein (Iwabuchi et al. (1 993) Oncogene 8; 1693; Bogerd et al. (1 993) J. Virol. 67: 5030). 
Variatkjns of two-hybrkl systenw have been used to study the in vjvg activity of a proteolytic enzyme (Dasmahapatra 
et al. (1992) Proc. Natl. Acad: Sci. fUSA>89: 4159). Alternatively; an E. colimCCP interactive screening system (Ger- 
mino et al. (1993) Proc. Natl.- Acad. Sci. (U S A ) 90: 933; Guarente L (1993) Proc. Natl. Acad. Sci. (U.S.A:) 90: 1639) 
can be used to identify Interacting protein sequences (i.e.. protein sequences whfch heterodimerize or form higher 
order heteromultimers). Sequences selected by a two-hybrkJ system can be pooled and shuffled and introduced into 
a two-hybrkl system for one or more subsequent rounds of screening to identify polypeptide sequences which bind to 
the hybrki containing the predetemnined binding sequence. The sequences thus identified can be compared to kientify 
consensus sequence{s) and consensus sequence kemals. 

[0231] As can be appreciated from the disctosure above, the present irivention has a wkje variety of applcations. 
Accordingly, the following examples are off ered by way of illustratkxi, not by way of limitation. 
[0232] In the examples betow. the foik)wing abbreviations have the following meanings. If not defined betow, then 
the abbreviatk3ns have their art recognized meanings. ^ . , 

. " - . ^ 

ml = ' milliliter . . \ 

til - microiflere 
^M= * micromolar 
nM = nanomolar 
PBS= phosphate buffered saline 
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ng = 


nanograms 


^9 = 


micrograms 


1PTG = 


isopropylthio-p-D-galactoside 


bp = 


basepairs 


kb = 


kilobasepairs 


dNTP = 


deoxynucleoside triphosphates 


PCR = 


polymerase chain reaction 


X-gal = 


5-bromo^-chloro-3-indofyl-p-D-galactoside 


DNAsel = 


deoxyri bon uclease 


PBS = 


phosphate buffered saline 


CDR = 


complementarity determining regions 


MIC = 


minimum inhibitory concentration 


scFv = 


single-chain Fv fragment of an antibody 



IS [02333 In general, standard techniques of recombination DNA technology are described In various publications, e. 
g. Sambrook et al., 1989, Molecular Cloning; A Laboratory Manual, Cold Spring Harbor Laboratory: Ausubel et al., 
1987. Current Protocols in Molecular Biotogy, vols. 1 and 2 and supplements, and Berger and Kimmel, Methods in 

. Enzvmotogy/Vtolume 152. Guide to Molecular Cloning Techniques (1987), Academe Press, Inc., San Diego, CA, each 

of whch is incorporated herein in their entirety by reference. Reslrictkxi enzymes and polynucleotkJe modifying en- 

20 zymes were used according to the manufacturers recommendations. Oligonucleotides were synthesized on an Applied 
Bk)systems Inc. Model 394 DNA synthesizer using ABI chemicals. If desired, PGR amplimers for amplifying a prede- 
termined DNA sequence may be selected at the discretion of the practltksner. 

EXAMPLES 

25 

Example 1 . LacZ alpha gene reassembly 
1} Substrate preparation 

30 [0234] The substrate for the reassembly reaction was the dsDN A polymerase chain reaction CPCR') product of the 
wild-type LacZ alpha gene from pUClS. (Fig. 2) (28; Gene Bank No X02514) The primer sequences were 
5'AAAGCGTCGATTTTTGTGAT3' (SEQ ID NO:1) and 5'ATGGGGTTCCGCGCACATTT3' (SEQ ID NO:2). The free 
primers were rerrxwed from the PGR product by Wizard PGR prep (Promega, Madison Wl) according to the manufac- 
turer's directions. The renrwval of the free primers was found to be important. 

2) DNAsel digestion 

[0235] About 5 ^g of the DNA substrate was digested with 0.1 5 units of DNAsel (Sigma. St. Louis MO) in 1 00 jil of 
[50 mM Tris-HCI pH 7.4. 1 mM MgCy, for 10-20 minutes at room temperature. The digested DNA was run on a 2% 
40 low melting point agarose gel. Fragnrwnts of 1 0-70 basepairs (bp) were purified from the 2% tow melting point agarose 
gels by electrophoresis onto DE81 ton exchange paper (Whatman, Hillsborough OR). The DNA fragments were eluted 
from the paper writh 1 M NaCI and ethanol precipitated. * 

3) DNA Reassembly 

45 

[0236] The purified fragments were resuspended at a concentrat ton of 1 0 - 30 ng^ in PGR Mix (0. 2 mM each dNTP, 
2.2 mM MgClg. 50 mM KGI. 10 mM TrIs-HGI pH 9.0. 0.1 % Triton X-1 00. 0.3 jil Taq DNA polymerase, 50 jil total volume). 
No primers were added at this point. A reassembly program of '94»C for SO seconds, 30-45 cycles of [94»C for 30 
seconds. SO-SS'G for 30 seconds. 72»C for 30 seconds] and 5 minutes at72"C was used in an MJ Research (Watertown 
50 MA) PTG-150 thermocycler. The PGR reassembly of small fragments into larger sequences was followed by taking 
samples of the reaction after 25. 30, 35 ,40 and 45 cycles of reassembly (Fig. 2), 

[0237] Whereas the reassembfy of 100-200 bp fragments can yield a single PGR product of the correct size. 10-50 
base fragments typically yield some product of the correct size, as well as products of heterogeneous rrwlecular weights. 
Most of this size heterogeneity appears to be due to singte-stranded sequences at the ends of the products, since after 
ss restrictton enzyme digestton a single band of the correct size Is obtained. 
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4) PGR with primers 

[0238] After dilution of the reassembly product into the PGR Mix with 0.8 ^iM of each of the above primers (SEQ ID 
Nos: 1 and 2) and about 1 5 cycles of PGR. each cycle consisting of [94'C for 30 seconds; 50'C for 30 seconds and 
72''G for 30 seconds], a single product of the correct size was obtained (Fig. 2). 

5) Cloning and analysis 

[0239] The PGR product from step 4 above was digested-with the temninat restriction enzymes BamHI and EcoOIOQ 
and gel purified as described above in step 2. The reassembled fragments were ligated into pUCl8 digested with 
Sa/JiHI and £coO109. E co// were transformed with the ligation mixture under standard conditions as recommended 
by the manufacturer (Stratagene. San Diego GA) and plated on agar plates having lOOjig/ml ampicillin. 0.004% X-gal 
and 2mM IPTG. The resulting colonies having the HinDIII-Nhel fragment which is diagnostic for the ++ recombinant 
were identified because they appeared blue. 

[0240] This Example illustrates that a 1 .0 kb sequence carrying the LacZ alpha gene can be digested into 10-70 bp 
fragments, and that these gel purified 10-70 bp fragments can be reassembled to a single product of the correct size, 
such that 84% (N=377) of the resulting colonies are LacZ* (versus 94% without shuffling; Fig. 2). 
,.[Q241}e>B;sIhe-DNA encoding the LacZ gene from the resulting LacZ' colonies was sequenced with a sequencing kit 
(United States Biochemical Co., Cleveland OH) according to the manufacturer's instructions and the genes were found 
to have point mutations due to the reassembly process (Table 1). 11/12 types of substitutions were found, and no 
frameshifts. 



TABLE 1 



Mutations introduced by mutagenic shuffling 


Transitions 


Frequency 


Transversions 


Frequency 


G-A 


6 


A-T 


1 


A-G 


4 


A-G 


2 


C-T 


7 


G-A 


1 


T-C 


3 


C-G 


0 






G-G 


3 






G-T 


2 






T-A 


1 






T-G 


2 



[0242] A total of 4,437 bases of shuffled lacZ DNA were sequenced. 

[0243] The rate of point mutagenesis during DNA reassembly from 10-70 bp pieces was determined from DNA se- 
quencing to be 0.7 % {N=4,473), which is similar to error-prone PGR. Without being limited to any theory it is believed 
that the rate of point mutagenesis may be lower if larger fragments are used for the reassembly, or it a proofreading 
polymerase is added. 

[0244] When plasmkJ DNA from 1 4 of these point-mutated LacZ- cotonies were combined and again reassernbled/ 
shuffled by the method described above. 34% (N=291 ) of the resulting colonies were LacZ+. and these cokjnies pre- 
sumably arose by recombination of the DNA from different cotonies. 

[0245] The expected rata of reversal of a single point mutation by error-prone PGR, assuming a mutagenesis rate 
of 0.7% (10). woukJ be expected to be <1%. 

[0246] Thus large DNA sequences can be reassembled from a random mixture of small fragments by a reaction that 
is surprisingly efficient arid simple. One application of this technique is the recombination or shuffling of related se- 
quences based on homology/ . 

Example 2. LacZ gene and whole plasmid DNA shuffling 

1 ) LacZ gene shuffling 

[0247] Crossover between two markers separated by 75 bases was measured using two LacZ gene constructs. Stop 
codons were inserted in two separate areas of the LacZ alpha gene to serve as negative markers. Each marker is a 
25 bp non-homotogous sequence with four stop codons, of which two are In the LacZ gene reading frame. The 25 bp 
non-homok>gous sequence is indicated in Figure 3 by a large box. The stop codons are either boxed or underlined. A 
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1:1 mixture of the two 1.0 kb liacZ templates containing the +- and -+ versions of the LacZ alpha gene (Fig. 3) was 
digested with DNAsel and 100-200 bp fragments were purified as described in Example 1. The shuffling program was 
conducted under conditions similar to those described for reassembly in Example 1 except 0.5 ^l of polymerase was 
added and the total volume was 1 00 jil. 
5 [0248] After cloning, the number of blue colonies obtained was 24%; (N=386) which is close to the theoretical max- 
imum number of blue colonies (i.e. 25%). indicating that recombination between the two markers was complete. AH of 
the 10 blue colonies contained the expected HincAW-Nhei restriction fragment. 

2) Whole plasmid DN A shuffling 

10 

[0249] Whole 2.7 plasmids (pUC18-+ and pUC18+-) were also tested. A 1 :1 mixture of the two 2.9 kb plasmids 
containing the +- and -+ versions of the 1-acZ alpha gene (Fig. 3) was digested with DNAsel and 1 00-200 bp fragments 
were purified as described in Example 1 . The shuffling program was conducted under conditbns similar to those de- 
scribed for reassembly In step (1) above except the program was for 60 cycles [94*C for 30 seconds, 55°C for 30 

IS seconds. 72* C for 30 seconds). Gel analysis showed that after the shuffling program most of the product was greater 
than 20 kb. Thus, whole 2.7 kb plasmids (pUC18 -+ and pUCIS +-) were efficiently reassembled from random 100-200 
bp fragments without added primers. 

[W5Ql..„»^fterdigestion with a restriction enzyme having a unique site on the plasmid (^coOIOQ), most of the product 

consisted of a single band of the expected size. This band was gel purified, religated and the DNA used to transform 

20 E. colt. The transformants were plated on 0.004% X-gal plates as described in Example 1 . 1 1 % (N= 328) of the resulting 
plasmids were blue and thus ++ recombinants. 

3) Spiked DNA Shuffling 

2S [0251] Oligonucleotides that are mixed into the shuffling mixture can be incorporated into the final product based on 
the homology of the flanking sequences of the oligonucleotide to the template DNA (Fig. 4). The LacZ" stop codon 
mutant (pUC18 -+) described above was used as the DNAsel digested template. A 66 mer oligonucleotkie, including 
• 18 bases of homology to the wild-type LacZ gene at both ends was added into the reactk>n at a 4-fokJ molar excess 
to correct stop codon mutations present in the original gene. The shuffling reaction was conducted under conditions 

30 similar to those in step 2 above. The resulting product was digested, ligated and inserted into E. colias described above. 



Table 2 





% blue colonies 


Control 

Top strand spike 

Bottom strand spike 

Top and bottom strand spike 


0.0 (N>1000) 
8.0(N=855) 
9.3 (N=620) 
2.1 (N=537) 



^ [0252] ssDN A appeared to be more efficient than dsDN A presumably due to competitive hybrkJization. The degree 
of incorporation can be varied over a wkJe range by adjusting the nnolar excess, annealing temperature, or the length 
of honrology. 

Example 3. DNA reassembtv in the complete absence of primers 

[0253] Plasmid pUC 1 8 was digested with restrctton enzymes EcoR\ , EcoOl 09. Xmri and A/i*Nl . yielding fragments 
of approximately 370, 460. 770 and 1080 bp. These fragments were electrophoresed and separately purified from a 
2% low melting point agarose gel (the 370 and 460 basepair bands could.not be separated), yieWing a large fragment, 
a medium fragment and a mixture of two small fragments In 3 separate tubes. 
^ [02S4] Each fragment was digested with DNAsel as described in Example 1, and fragments of 50-130 bp were 
purified from a 2% tow melting point agarose gel for each of the original fragments. 

[0255] PGR mix (as described In Example 1 above) was added to the purified digested fragments to a final concen- 
tration of 1 0 f\gf\}} of fragments. No primers were added. A reassembly reactton was performed for 75 cycles [94"C for 
30 seconds. 60**C for 30 seconds] separately on each of the three digested DNA fragment mixtures, and the products 
^ were analyzed by agarose gel electrophoresis. 

[0256] The results clearly showed that the 1080, 770 and the 370 and 460 bp bands reformed efficiently from the 
purified fragments, demonstrating that shuffling does not require the use of any primers at all. 
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Example 4. IL-1d aene shuffiinla 



[Q257] This example illustrates that crossovers based on homologies of less than 1 5 bases may be obtained. As an ^ 
example, a human and a murine IL-1 p gene were shuffled. 

[0258] A murine IL1 -p gene (BBG49) and a human ILl -p gene with E. coAcodon usage (BBG2; R&D Systems. Inc.. 
Minneapolis MN) were used as templates in the shuffling reaction. The areas of complete honrwlogy between the human 
and the murine IL-1p sequences are on average only 4.1 bases long (Fig. 5, regions of heterology are boxed). 
[0259] Preparation of dsDNA PGR products for each of the genes, removal of primers, DNAsel digestion and puri- 
fication of 10-50 bp fragments was similar to that described above in Example 1. The sequences of the primers used 
in the PGR reaction were 5TTAGGGACGCGAGGGTTT3' (SEQ ID NO:3) and S'ATGTGCTGCAAGGCGATTS' (SEQ 
ID NO:4). 

[0260J The first 15 cycles of the shuffling reaction were performed with the Klenow fragment of DNA polymerase I, 
adding 1 unit of fresh enzyme at each cycle. The DNA was added to the PGR mix of Example 1 which mix lacked the 
polymerase. The manual program was 94*C for 1 minute, and then 15 cycles of: [95'C for 1 minute, 10 seconds on 
dry ice/ethanol (until frozen), incubate about 20 seconds at 25'C, add 1 U of Klenow fragment and incubate at 25''C 
for 2 minutes]. In each cycle after the denaturatlon step, the tube was rapidly cooled In dry ice/ethanol and reheated 
to the annealing temperature. Then the heat-labile prtymerase was added. The enzyme needs to be added at every 
^cycte.^Uslng this approach, a high level of crossovers was obtained, based on only a few bases of uninterrupted ho- 
mology (Fig. 5, positions of cross-overs Indicated by '_!"■). 

[0261] After these 1 5 nnanual cycles, Taq polymerase was added and an additional 22 cycles of the shuffling reaction 
[94''C for 30 seconds. 35*C for 30 seconds] without primers were performed. 

[0262] The reaction was then diluted 20-fold. The following primers were added to a final concentration of 0.8 iiM: 
5'AACGCCGCATGGAAGCTTGGATCCTTATT3' (SEQ ID N0:5) and 5'AAAGCCCTCTAGATGATTACGAATTCATAT3' 
(SEQ ID NO:6) and a PGR reaction was performed as described above In Example 1 . The second primer pair differed 
from the first pair only because a change In restriction sites was deemed necessary. 

[0263] After digestion of the PGR product with Xfcal and Spti, the fragments were ligated into Xftal-Sprt -digested 
pUCl8. The sequences of the inserts from several colonies were determined by a dideoxy DNA sequencing kit (United 
States Bkxhemwal Go., Cleveland OH) according to the manufacturer's instructwns. 

[0264] A total of 1 7 crossovers were found by DNA sequencing of nine cotonies. Some of the crossovers were based 
on only 1 -2 bases of uninterrupted homotogy. 

[0265] It was found that to force efficient crossovers based on short homotogies, a very low effective annealing 
temperature is required. With any heat-stable polymerase, the cooling time of the PGR machine (94'C to 25'C at 1-2 
degrees/second) causes the effective annealing temperature to be higher than the set annealing temperature. Thus, 
none of the protocols based on Taq polymerase yIekJed crossovers, even when a.ten-fold excess of one of the IL1-p 
genes was used. In contrast, a heat-lablle potymerase, such as the Klenow fragment of DNA polymerase f, can be 
used to accurately obtain a k>w annealing temperature. 



Example 5. DNA shuffling of the TE^4-1 betalactamase gene 

40 [0266] The utility of mutagenic DNA shufflirig for directed nrolecular evoluton was tested in a betalactamase model 
system. TEM-1 betalactamase is a very efficient enzyme, limited in Its reactton rate primarily by diffusion. This example 
determines whether it Is possible to change its reaction specificity and obtain resistance to the drug cefotaxime that it 
normally does not hydrotyze. 

[0267] The minimum inhibitory concentration (MIC) of cefotaxime on bacterial cells lacking a plasmid was determined 
45 by plating 10 jiJ of a 1 0*2 dllutkxi of an overnight bacterial culture (about 1 000 cf u) of E. co// XL1 -blue cells (Stratagene. 
San Diego CA) on plates with varying levels of cefotaxime (Sigma, St. Louis MO), followed by incubation for 24 hours 
at37«G; - * . 

[0268] Growth on cefotaxime is sensitive to the density of cells, and therefore similar numbers of cells needed to be 
plated on each plate (obtained by plating on plain LB plates). Platings of 1000 cells were consistently performed. 

so 

1 ) Initial PlasmW Construction 

[0269] A pUC1 8 derivative carrying the bacterial TEM-1 betalactamase gene was used (28). The TEM-1 betalacta- 
mase gene confers resistance to bacteria against approximately 0.02 ng/ml of cefotaxime. Sffi restriction sites were 
ss added 5' of the promoter and 3' of the end of the gene by PGR of the vector sequence with two primers: 
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primer A (SEQ ID NO:7): 

5'TTCTATTGACGSCCTGTCA£ia££TCATATATACTTTAGATTGATTT3 • and PriJtter B 

(SEQ ID N O : 8 ) : 

5 'TTGACGCACTSfi££ATGGTSSC£AAAAATAAACAAATACGCCTTCCGCGCACATTT3 • 

and by PGR of the betalactamase gene sequence with two other primers; 
Primer C (SEQ ID NO: 9): 

5 ' A ArTfrAggA CGGCOT GACAGGCCGGTCI^CAGTTACCAATGCTT , 

and 

Primer D (SEQ ID NO: 10): 

5 • AArgpgrcC TGGCCA CCATGGCCTAAATACATTCAAATATGTAT . 

[0270] The two reaction products were digested with Sfil, mixed, ligated and used to transform bacteria. 

[0271] The resulting plasmid was pUCl82Sfi. This plasmid contains an Sm fragment carrying the TEM-1 gene and 

the P-3 promoter. ^ r^. 

[0272] The minimum inhibitory concentration of cefotaxime for £ co//XLl-blue (Stratagene, San Diego C A) carrying 
this plasmid was 0.02 ng/ml after 24 hours at 37-C. ^ • ^ 

[0273] The ability to improve the resistance of the betalactamase gene to cefotaxime without shuffling was detemnined 
by stepwise replating of a diluted pool of cells (approximately 1 0^ cf u) on 2-fo!d increasing drug levels. Resistance up 
to 1.28 ^g^ml could be obtained without shuffling. This represented a 64 foU increase in resistance. 



2) DNAsel digestion 

[0274] The substrate for the first shuffling reaction was dsDNA of 0.9 kb obtained by PGR of pUC182Sfi with primers 
C and D. both of which contain a Sfil site. 

[0275] The free primers from the PGR product were removed by Wizard PGR prep (Promega. lyiadaon Wl) at every 

KttTCl About 5 Jig of the DNA substrate(8) was digested with 0.1 5 units of DNAsel (Sigma. St. Louis MO) in 1 00 jiJ 
of 50 mlWI Tris-HCI pH 7.4. 1 mM MgGlj. for 10 min at room temperature. Fragments of 100-300 bp were purified from 
2% low melting point agarose gete by electrophoresis onto DE81 Ion exchange paper (Whatman. Hillsborough OR), 
elution with 1 M NaCI and ethanol precipitation by the method described in Example 1 . 

3) Gene shuffling 

[0277] The purified fragments were resuspended in PGR mix (0.2 ml^ each dNTP. 2.2 ml^ MgClg. 50 mM KCI. 10 
mM Tris-HCI pH 9 0. 0.1% Triton X-100). at a concentration of 10 - 30 r^g/^li. No primers were added at this point A 
reassembly program of 94»C for 60 seconds, then 40 cycles of [94''G for 30 seconds. 50-55X for 30 seconds, 72»C 
for 30 seconds] arid then 72-G for 5 minutes was used in an MJ Research (Watertown MA) PTC-150 ihermocycler. 

4) Amplification of Reassembly Product with primers 

[0278] After dilution of the reassembly product into the PGR mix with 0.8 jiM of each primer (C and D) and 20 PGR 
cycles [94«C for 30 seconds. SO^'C for 30 seconds, 72-C for 30 seconds] a single product 900 bp in size was obtained. 

i-.i 

5) Cloriing and analysis 

[0279] After digestion of the 900 bp product with the terminal restriction enzyme Sfli and agarose gel purification. 
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the 900 bp product was ligated ihto the vector pUC182Sfi at the unique Sfli site with T4 DNA ligase (BRL, Gaithersburg 
MD). The mixture was electroporated into E. coli XLI -blue cells and plated on LB plates with 0.32-0.64 ^g/ml of cefo- 
taxime (Sigma. St. Louis MO). The cells were grown for up to 24 hours at 3TC and the resulting colonies were scraped 
off the plate as a pool and used as the PGR template for the next round of shuffling. 

6) Subsequent Reassembly Rounds 

[0280] The transformants obtained after each of three rounds of shuffling were plated on increasing levels of cefo- 
taxime. The colonies (>100. to maintain diversity) from the plate with the highest level of cefotaxime were pooled and 
used as the template for the PCR reaction for the next round 

[0281] A mixture of the cefotaxime'^ colonies obtained at 0.32-0.64 ^g/ml in Step (5) above were used as the template 
for the next round of shuffling. 10 ul of cells in LB broth were used as the template in a reassembly program of 10 
minutes at 99^C, then 35 cycles of [94»C for 30 seconds, 52''C for 30 seconds. 72'C for 30 seconds) and then 5 minutes 
at 72°C as described above. 

[0282] The reassembly products were digested and ligated Into pUCI82Sfi as described in step (5) above. The mixture 
was electroporated into E. co// XLI -blue cells and plated on LB plates having 5-10 tig/ml of cefotaxime. 
[0283] Colonies obtained at 5-1 0 \igfm\ were used for a third round similar to the first and second rounds except the 
«ceIls*werO;piated on LB plates having 80-160 ng/ml of cefotaxime. After the third round, colonies were obtained at 
80-1 60 jig/ml, and after replating on increasing concentrations of cefotaxime, cotoples could be obtained at up to 320 
jig/ml after 24 hours at 37*C (MIC=320 \igfm\). 

[0284] Growth on cefotaxime Is dependent on the cell density, requiring that all the MIGs be standardized (in our 
case to about 1 .000 cells per plate). At higher ceil densities, growth at up to 1280 jig/ml was obtained. The 5 largest 
colonies grown at 1 ,280 \igfm\ were plated for single colonies twice, and the Sfil inserts were analyzed by restriction 
mapping of the colony PGR products. 

[0285] One mutant was obtained with a 1 6,000 fold increased resistance to cefotaxime (MIC=0.02 ^g/ml to Ml C=320 
ng/ml). 

[0286] After selection, the plasmid of selected clones was transferred back into wild-type E coW XLI -blue cells (Strat- 

agene, San Diego CA) to ensure that none of the measured drug resistance was due to chronrxjsomal mutations. 

[0287] Three cycles of shuffling and selection yielded a 1 .6 x 1 0*-fold increase in the minimum inhibitory concentration 

of the extended broad spectrum antibiotic cefotaxime for the TEM-1 betalactanr^ase. In contrast, repeated plating without 

shuffling resulted in only a 1 6-fold Increase in resistance (en^or-prone PGR or cassette mutagenesis). ■. ; 



7) Sequence analysis 

3S [0288] All 5 of the largest colonies grown at 1.280 jig/ml had a restriction map identical to the wild-type TEM-1 
enzyme. The Sffl insert of the plasmid obtained from one of these cotonies was sequenced by dideoxy DNA sequencing 
(United States Biochemical Co., Cleveland OH) according to the manufacturer's Instructions. All the base numbers 
correspond to the revised pBR322 sequence (29). and the amino acid numbers correspond to the ABL standard num- 
bering scheme (30). TTie amino acids are designated by their three letter codes and the nucleotides by their one letter 

40 codes. The term G4205A means that nucleotide 4205 was changed from guanidlne to adenine. 

[0289] Nine single base substitutions were found. G4205 A is located between the -35 and -1 0 sites of the betalacla- 
mase P3 promoter (31) . The promoter up-mutant observed by Chen and Clowes (31) is located outside of the Sm 
fragment used here, and thus could not have been detected. Four mutations were silent (A3689G, G3713A, G3934A 
and T3959A). and four resulted in an amino acid change (C344aT resulting in Gty238Ser. A3615G resulting in 

4S MetlB2T>ir, C3850T resulting in Glu104Lys, and G4107A resulting in AlalSNtel). 



8) Molecular Backcross 

[0290] Molecular backcrossing with an excess of the wi kJ-type DNA was then used in order to eliminate non-essential 
mutatkvis. 

[0291] Molecular backcrossing was conducted on a selected plasmid from the third round of DNA shuffling by the 
method kientical to normal shuffling as described above, except that the DNAsel digestion and shuffling reaction were 
performed in the presence of a 40-fokl excess of wlkJ-type TEM-1 gene f ragnwnt. To make the backcross more efficierit, 
very smalt DNA fragments (30 to 100 bp) were used in the shuffling reactkwi. The backcrossed mutants were. again 
selected on LB plates with 80-160 jig/ml of cefotaxime (Sigma, St. Louis MO). 

[0292] This backcross shuffling was repeated with DNA from colonies from the first backcross round in the presence. 
Ota 40-fokJ excess of wild-type TEM-1 DNA. Small DNA fragments (30-100 bp) were used to increase the efficiency 
of the backcross. The second round of backcrossed mutants were again selected on LB plates with 80-160 jig/ml of 
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cefotaxime. , i en . > n/mi nf cefotaxime and a pool of colonies was replated on 

[0295] The DNA s«iuencB d ciavaland OH) according to the manjfacturer's instructions (Table 3). 

quancing m (Unrted Stetes Biochsm«al Co ^'^^^ ^ ^^^^ wentified silent mutations were 

Table 3 



Mutations In Betalactamase 


Mutation Type 


Non-Backcrossed 


Backcrossed 


amino acid 


Ala18Lys 




change 


Glu104Ly5 


Glu104Lys 


Met182Thr 


Metl82Thr 




Gly238Ser 


Gty238Ser 






Ala42Gty 






Gly92Ser 


silent 


T3959A 






G 3934 A 






G3713A 






A3689G 








T3842C 






A3767G 


promoter 


G4205A 


G4205A 



or other TEM-1 derivatives (Table 4). 



9) Expression Level Comparison 
mase. 

■.«n.nt« fi ConslruCi^n ». mutant connb in^inn. nt the TEM-1 hfltalactamase gene 
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Glu104Lys and Gly238Ser, are known as cefotaxime mutants. All mutant combinations constructed had the promoter 
mutation, to allow comparison to selected mutants. The results are shown in Table 4. 

[0301] Specific combinations of mutations were introduced into the wild-type pUC182Sfi by PGR, using two oligo- 
nucleotides per mutation. 

[0302] The oligonucleotides to obtain the folbwing mutations were: 
Ala42Gly 

(SEQ ID NOrll) AGTTGGGTGSACGAGTGGGTTACATCGAACT and (SEQ ID N0:12) 
AACCCACTCGTfiCACCCAACTGATCTTCAGCAT ; 

Gln39Lys: 

(SEQ ID NO: 13) AGTAAAAGATGCTGAAGATMGTTGGGTGCAC GAGT6GGTT 

and 

(SEQ ID HO: 14) ACTIATCTTCAGCATCTTTTACTT ; 

Gty92Sef: 

(SEQ ID NO: 15) AAGAGCAACTC^GTCGCCGCATACACTATTCT and (SEQ ID 
NO : 1 6 ) ATCGCGCCCACIGAGTTGCTCTTGCCCGGCGTCAAT ; 

Glul04Lys: 

(SEQ ID NO: 17) TATTCTCAGAATGACTTGGTT&AGTACTCACCAGT CACAGAA 

and 

(SEQ ID HO: 18) TX^CCAAGTGATTCTGAGAAT; 

Met182Thr: 

(SEQ ID HO: 19) AAGGAC6AGOGTGACACCACGACSCCTGTAGCAAT6 and (SEQ ID 
HO: 20) TCGTGGTGTCACGCTCGTCGTT; 

Qly238Ser alon«: 

(SEQ ID NO: 21) TTGCTGATAAATCTGGAGCq^GTGAGCGTGGGTCTC GCGGTA 

and 

(SEQ ID N0:22) IGGCTCCACATTTATCAGCAA; , 
Gly238Ser and Arg241 His (combined): 

fi ■ .... 
(SEQ ID NO: 23) AXGCTCACXGGCTCCAGATTTATCA6CAAT 
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and 



(SEQ ID NO:24) 



TCTGGAGCCaGTGAGC&TGGGTCTCGCGGTATCATT ; 



Q4205A: 



AACCTGTCCTfififflSyVCCATfiS£j£TAAATACAATCAAA 



(SEQ ID NO: 25) 
TATGTATCCGCTIATGAGACAATAACCCTGATA . 

[0303] These separate PGR fragments were gel purified away from the synthetic ^^''f),"^^^^^^^ 

f raament were cor^bined and a reassembly reaction was performed at 94'C for 1 minute and then 25 cycles 94 C 

S si 5o4T seconds and 72-C for 45 seconds]. PGR was performed on the reassemb^r product for 25 

yclTsnmepres^l^^^^^^ 
S^andLerted into the v^W-ty^^ 



Name 


Genotype 


MIC 






'Wild-type 


0.02 






Glul04Lys 


0.08 


10 




Gly238Ser ^ 


016 


10 


TEM-15 


Glu104Lvs/Gly238Ser* 


10 






Glul 04Lys/Gly238Ser/Gln39Lys 


10 2-32 


37, 15 




GIu104Lys/Gty238Ser/Metl82 Thr* 


10 




ST-1 


Glul04Lys/Gly238Ser/H^etl82 Thr/Alal8Vain-3959A/G3713A/ G3934A/ 
A3689G* ^ 


320 




ST-2 


Glu1 04Lys/Gly238Ser/Met1 82Thr /Ala42Gly/Gty92Ser/Arg241 His/ 
T3842C/A3767G* 


640 




ST-3 


Glul04Lys/Gly238Ser/Metl82Thr /Ala42Gly/Gly92Ser/Arg241 His* 


640 





rreuMi It MHsamcluded that conserved mutations account lor 9 of 15 doublings in IheM 
^ G^^ato™ «^ to result only in a doubling ot the MIC to 0.08 ^g/ml. and Gly238Ser («i several 
^^Z^r^JT^:^^^^)">-"^«^ 4 in a MIC c. 0.16 ^g^m, (26). The double mutant 
Gluia4Ly8/Gly238Ser has a MIC of 10 |ig/ml. This mutant corresponds to TEM-15, T>,rf>fi<»M«i 
im^ vZ same GK.104Lys and G^238Ser mutattons. in combination Q'^fJ-l^^r^^f 
TEm!4) result », a high level of resistance (2-32 wAnl for TEM-3 and 8-32 ^g/mHor 1^";* .^^^.^A^^ 
03071 A mutant containing the three amino acid changes that were consewed after the backcioss i^^^^ 
S^TTir/lSW) also hadaMIC of lOM/ml. This meantthatthe mutations that each ot the new selects 

l^t^^torth^Smlmutationswererespons^^^ 
rc^"'^^:n«occu,,ing.cr.^lTEM-1-derived enzymes 

only 5-7 identical mutetions (reviews). Since these mutations are in well separated locations »ittie gone, a mulart v«th 
S cef2^resistance Lnnot be obtained by cassette mutagenesis of a single l'^'^'^;;^^^^ 
oi^umMICthatwasobtalnedby the standard cassenemutagenes«appn«^^^^^^ 

hnih tha aiul04Lvs as well as the Gly238Ser mutations wore found separately in this study to have Miw oeiow o. to 
S!;,! U^ jDNTs^uTnga'^^ 

5^'']^KLt .nation o, this example is me use ofaslngte gene asastartlngpointH^^^^^ 

combines can be found if a largo number of related, naturally occurring genes are shuffled The dtversity 
fris^n "riTa m^Te is more meaningful than the .andom mutations that are 'T,"^^" 
s« For example. K is contemplated that one could usea repertoire of related genes t^ 
as trpre-^xisting diversity of the immune system, or related genes obtained from many different spec«». 
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Example 7. Impfovement of antibody A10B by DNA shuffling of a library of all six mutant CDRs. 

[0310] Ttie A1 OB scFv antibody, a mouse anti-rabbit (gG, was a gift from Pharmacia (Milwaukee Wl). The commer- 
cially available Pharmacia phage display system was used, which uses the pCANTABS phage display vector. 
[031 1] The original A1 08 antibody reproduclbly had only a bw avidity, since clones that CNily bound weakly to immo- 
bilized antigen (rabbit IgG), (as measured by phage EUSA (Pharmacia assay kit) or by phage titer) were obtained. 
The concentration of rabbit IgG wHich yielded 50% inhibitton of the A10B antibody binding in a competition assay was 
1 3 picomolar. The observed tow avidity may also be due to instability of the A1 OB ctone. 

[0312] The A10B scFv DNA was sequenced (United States Bkxihemical Co., Cleveland OH) according to the man- 
ufacturer's instructtons. The sequence was similar to existing antibodies, based on comparison to Kabat (33). 

1 ) Preparation of phage DNA 

[0313] Phage DNA having the A10B wild-type antibody gene (10 ul) was Incubated at 99*0 for 10 min, then at 72»C 
for 2 min. PCR mix (50 mM KCI, 10 mM Tris-HCl pH 9.0. 0.1% Triton X-100. 200 jilVl each dNTP, 1.9 mM MgCi). 0.6 
fim of each primer and 0.5 |iJ Taq DNA Polymerase (Promega. Madison Wl) was added to the phage DNA. A PCR 
program was run for 35 cycles of (30 seconds at 94'C. 30 seconds at 45'*C. 45 seconds at 72"C]. The primers used were: 

5» ATGATTACGCCAACCTTT 3' (SEQ ID HO: 26} 

and 

5« TTGTCGTCTTTCCAGACGTT 3« (SEQ ID NO:27) . 

[0314] The 850 bp PCR product was then elect rophoresed and purified from a 2% low melting point agarose gel. 

2) Fragmentation 

[0315]^300 ng of the gel purified 850 bp band was digested with 0.18 units of DNAse I (Sigma, St. Louis MO) in 50 
mM Trts-HCI pH 7.5. 10 mM MgCI for 20 minutes at room temperature. The digested DNA was separated on a 2% low 
melting point agarose gel and bands between 50 and 200 bp were purified from the gel. 

3) Constojction of Test Library 

[0316] The purpose of this experiment was to test whether the insertion of the CDIRs wouk) be efficient. 
[0317] The following CDR sequences having internal restriction enzyme sites were synthesized. 'CDR H" means a 
CDR in the heavy chain and "CDR L' means a CDR in the light chain of the antibody. 
[0318] CDR Oligoo with reotrlctlon oiteo: 

CBSS, S2. (SEQ ID HO: 34) 

5 • TTCTCCCTACATCTTCACAGAATTCATCTACSATTTGGGTGACGCAGACGCCTGAA3 • 
caSL m (SEQ ID HO: 35) ? 

5 « ACAGGGACTTGAGTGCATTGGAATCACAGTCAAGCTTATCCa^ATCTCACGTCTCGAGTO 
CCAAGTACTTAAAGGGCCACACTGAGTGTA 3* 

COa BS (SEQ. ID NO:3€) 

5 • TGTCTATTTCTCTGCTAGATCTTGACTCCACTCTTATACGAGCATCCATTG6GGCCAAGGG 



ACCAGGTCA 3* 
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COR tl (SEQ ID no: 37) 
5 * AGAGGGTCAC 
GAAGCCTGGAT 3 



ICATGACCTGCGGACGTCTTTAAGCGATCGGGCTGATGGCCTGGTACaUlCA 



CDR 1*2 (SEQ ID NO: 38) 

5 « TCCCCCAGACTCCTGATTTATTAAGGGAGATCTAAACAGCTGITGCTCCC^^ 



CDR L3 (S£Q 10 NO: 39) 

5 . ATGCTGCCACTTATTACTGCTTCTGCGCGCTTAAAGGATATCTO 
CAAGCT 3* 

ToSTS^CDRoligos were added to thepurtfiedAlOB antibody DNAfragm^^ 
^above at a 10 fold^lar excess. The PGR mix (50 mM KCl. 10 mM Tris-HCI pH 9.0. 0.1% Trrton x-100 mM 
MnCI ^ ui^ each dNTP 0 3 ul Taq DNA po^merase (Promega. Madison Wl). 50 ^ total volume) was added and 
thfshuZ^r:^!^^^^^^^ -'n at 94'c7min at 72^0. and then 35 cycles: 30 seconds at 94-C. 30 seconds at 

S^l "Tm^^^^^^ mccture was added to 100 ^ ot a PGR mix (50 mM KCl. 10 Tns-^^^^^^ 9-0 0.1% 
T^nn y 100 200 urn each dNTP 1 9 mM MgGI. o.6 ^M each of the two outside primers (SEQ ID NO:26 and 27. see 

af r-C^ seconds at V2'ci. The resulting mixture of DNA fragments of 850 basepa.r sL.e was phenol/chloroform 
extracted and ethanot precipitated. 
[0321 J The outside primers were: 

outside Primer l: SEQ ID NO: 27 
5« TT6TCGTCTTTCCAGACGTT 3' 

outside Primer 2: SEQ ID NO: 26 
5« ATGATTACGCCAAGCTTT 3' 

ro3Mi The 850 bo PGR product was digested with the restriction enzymes Sffl and A/ofl, purified from a low melting 
SedvLtorv^selectr<5>ratedaccord^^^ 

"ctoTrsSat^^^^^^ 

Sby a^^gel electrophoreste. and were used to determu^e which CDRs ^th restriction srtes were mserted. 
CDR Inside Primers: 

B X (SEQ ID NO:40) 5* AGAATTCATCTAGATTTG 3% 
H 2 (SEQ ID NO:41) 5' GCTTATCCTTTATCTCAGGTC 3', 
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H 3 



(S£Q ZD NO: 42) 



5 • ACTGCAGTCTTATACGAGOAT 3 • 



I. 1 



(SEQ ID K :43} 



5' GACGTCTTTAAGCGATCG 3«, 



L 2 



(SEQ ZD NO: 44) 



5 ' TAAGGGAGATCTAAACAG 3 • , 



L 3 



(SEQ ZD NO: 45) 



5* TCTGCGCGCTTAAAGGAT 3* 



[0324] The six synthetic CDRs were Inserted at the expected locations In the wiW-type A1 OB antibody DNA (Figure 
7). These studies showed that, while each of the six CDRs In a specific clone has a small chance of being a CDR with 
a restriction site, most of the clones carried at least one COR with a restriction site, and that any possible combination 
of CDRs with restriction sites was generated. 

™4)„QOTSt£yctjon of Mutant Complementarity Determining Regions {'CDRs") 

[0325] Based on our sequence data six oligonucteotides corresponding to the six CDRs were made. The CDRs 
(Kabat definitionj were synthetically mutagenized at a ratio of 70 (existing base): 10: 10: 10, and were flanked on the 5' 
and 3" sides by about 20 bases of flanking sequence, which provide the homology for the incorporation of the CDRs 
when mixed into a mixture of unmutagenlzed antibody gene fragments in a molar excess. The resulting mutant se- 
quences are given below. 
Ollgos for CDR Library 

COK Bl (SEQ ZD NO: 28} 

5 • TTCT^^^^^^'^g^g»^g ^g^^™^™™Q^^CT GGGTGAGCCAGACGCCTGAA^ 3 * 



CZm B2 (SEQ ZD NO:29) 

5 ' ACAGGCACTTGAGTGGATTGGAIgSaCTTTTPgn'GffftgftgqgTff CTAPTgftATA 



COR H3 (SEQ ZD NO: 30) 

5 • TCTCTATTTCTSTGCTAG AGOCGACTACT&TAGgCGmiCTTO 
ACCACGGTCA 3 • 



GAAGCCTGGAT 3* 

CDR 1.2 (SEQ ZD NO: 32) 



AAOTTCAAQOQCA GCGCCACACTGAGTGTA 3* 



CDR LI (SEQ ID NO: 31} 



5 « TCCCCgAGACTCCTGATTTA T6XCXCXTCCAA( 
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CDB 1*3 (SEQ ID NO:33) 
CCAAGCT 3* . 

Bold and underlined sequences were the mutant sequences synthesized using a mixture of nucleosides of 70:10:10: 
1 0 where 70% was the wild-type nucleoside. 

[03261 A 10 fold molar excess of the CDR mutant oligos were added to the purified A10B antibody DNA fragments 
between 50 to 200 bp in length from step (2) above. The PGR mix (50 mM KCI, 10 mM Tris-HCI pH 9.0. 0.1% Triton 
x-100 19 mM MgCI, 200 ^m each dNTP. 0.3 \i\ Taq DNA polymerase (Promega. Madison Wl), 50 ^tl total volume) was 
added and the shuffling program run for 1 min at 94-C. 1 min at 72^C. and then 35 cycles: [30 seconds at 94»C, 30 
seconds at SS'C, 30 seconds at 72«C]. « « « . 

[0327] 1 ^1 of the shuffled mixture was added to 100 nl of a PGR mix (50 mM KCI. 10 mM Tris-HGI pH 9.0. 0.1% 
Triton X-100 200 each dNTP, 1 .9 mM MgCI. o.6 ^M each of the two outside primers (SEQ ID NO:26 and 27, see 
below) 0 5 ^1 Taq DNA polymerase) and the PGR program was run for 30 cycles of [30 seconds at 94'C, 30 seconds 
at 45»C, 45 seconds at 72*C1. The resulting mixture of DNA fragments of 850 basepair size was phenol/chloroform 
-extracted and ethanol precipitated. 
[0328] The outside primers were: 

outside Primer 1: SEQ ID NO: 27 5* TTGTC&TCTTTCCAGACGTT 3* 



25 outside Primer 2: SEQ ID NO: 26 5* ATGATTACGCCAAGCTTT 3* 

5) Cloning of the scFv antibody DNA into pCANTABS 

[0329] The 850 bp PGR product was digested with the restriction enzymes Sffl and Wo/I. purified from a low melting 
^ 30 point agarose gel. and ligated into the pCANTABS expression vector obtained from Pharmacia, Milwaukee WI. The 
j ligated vector was electroporated according to the method set forth by Invrtrogen (San Diego CA) Into TGI cells (Phar- 

macia, Milwaukee Wl) and the phage library was grown up using helper phage following the guidelines recommended 
by the manufacturer. 

[0330] The library that was generated In this fashion was screened for the presence of improved antibodies, using 
3S six cycles of selection. 

6) Selection of high affinity clones 

[0331] 15 wells of a 96 well microliter plate were coated with Rabbit IgG (Jackson Immunoresearch. BarHarborME) 
40 at 1 0 ug /well for 1 hour at 37'C. and then blocked with 2% non-fat dry milk in PBS for 1 hour at 37"»G. 

[0332] 1 00 jil of the phage library (1 x1 O^o cf u) was bkxjked with 1 00 of 2% milk for 30 minutes at room temperature, 
and then added to each ol the 15 wells and incubated for 1 hour at 37»C. 

[0333] Then the wells were washed three times with PBS containing 0.5% Tween-20 at 37''C for 10 minutes per 
wash. Bound phage was eluted with 100 nl etutkMi buffer (Glycine-HCI. pH 2.2). followed by immediate neutralization 
4S with 2M Tris pH 7.4 and transfectton for phage production. This selection cycle was repeated six times. 

[0334] After the sixth cycle, indivkluat phage clones were picked and the relative affinities were compared by phage 
ELISA. and the specificity for the rabbit IgG was assayed with a kit from, Pharmacia (Milwaukee Wl) according to the 
methods recommended by the manufacturer. 

[0335] The best clone has an approxinrately 100-foW improved expresskxi level compared with the wild-type A10B 
so when tested by the Wdstem assay. The concentration of the rabbit IgG which yielded 50% inhibitkw in a competition 
assay with the best ctone was 1 pkwnnolar. The best cksne was reproducibty specifte for rabbit antigen. The number 
of copies of the antibody displayed by the phage appears to be Increased. 

'J ' ■ - - ' 

Example 8. In vivo recombination via direct repeats of partial genes 

55 . . . ^ : 

[033S] A ptasmid was constructed with two partial, inactive copies of the same gene (beta-tactamase) to demonstrate 
that recombtnaton between the common areas of these two direct repeats leads to full-length, active recombinant 
genes. 
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[0337] A pUCI 8 derivative ciarrying the bacterial TEM-1 betalactamase gene was used (Yanish-Perron et al., 1 985. 
Gene 33:103-1 1 9). The TEM-1 betalactamase gene ("Bla") confers resistance to bacteria against approximately 0.02 
\xg/m\ of cefotaxime. S/Srl restriction sites were added 5' of the promoter and 3* of the end of the betalactamase gene 
by PGR of the vector sequence with two primers: 

Px-imex- A (SEQ ID NO: 46) 

5* TTCTATTGACCGCCTGTCAGGCCTCATATATACTTTAGATTGATTT 3* 
PRIMER B (SEQ ID NO: 47) 

5 • TTGACGCACTGGCCATGGTGGCaiAAAATAAACMATAGGGGTTCCGCGCAC 
ATTT 3 • 

and by PGR of the t>eta-lactamase gene sequence with two other primers; 

"primer C (SEQ ID NO: 48) 
5* AACTGACCaCGGCCTGAOlGGCCGGTCTGACAGTTACCAATGCTT 3' 



Primer O (SEQ ID NO: 49) 

5' AACCTGTCCTGGCCACCATGGCCTAAATACATTCAAATATGTAT 3* 

[0338] The two reaction products were digested with SA1 , mixed, ligated and used to transfom^i competent E coii 
bacteria by the procedure described bebw. The resulting plasmtd was pUGl82Srr-Bla-Sfi. This plasmid contains an 
Sm fragment carrying the Bla gene and the P-3 pronrwter. 

[0339] The minimum inhibitory concentration of cefotaxime for £. coli XL1 -blue (Stratagene, San Diego C A) carrying 
pUC182Sfi-Bla-Sfi was 0.02 ng/ml after 24 hours at 37X. 

[0340] The tetracycline gene of pBR322 was cloned into pUC18Sfi-eia-Sfi using the homologous areas, resulting in 
pBR322TetSfi-Bla-Sfi. The TEM-1 gene was then deleted by restriction digestion of the pBR322TetSfi-Bla-Sfi with Sspl 
and FspH and blunt-end ligation, resulting in pUC322TetSfi-Sfi. 

[0341] Overtapping regions of the TEM-1 gene were amplified using standard PGR techniques and the following 
primers: 

Primer 2650 (SEQ ID NO: 50) 5* TTCTTAGACGTCACGTCGCACTT 3* 



Primer 2493 (SEQ ID NO: 51) 5' TTT TAA ATC AAT CTA AAC TAT 3* 

Primer 2651 (SEQ ID NO: 52) S < 
TGCTCATCCACGAGTGTGGAGAAGTGGTCCTGCAACTTTAT 3 > • and 

Primer 2652 (SEQ ID NO: 53) 
ACCACTTCTCCACACTCCTGGATGAGCAOTrrTAAAGTT 

[0342] The two resulting ONA fragments were digested with Sm and SslXI and ligated into the Sfi site of 
pBR322TetSfi-Sfi. The resulting ptasmid was called pBR322Sfi-BL-LA-Sfi. A map of the plasmid as well as a schematic 
of tntraplasmidic recombination and reconstitution of functional beta-Jactamase is shown in Figure 9. 
[0343] The plasmid was electroporated into either TG-1 or JC8679 E co/Zcells. E ooff JCe679 is RecBC sbcA (Oliner 
et al., 1993, NAR 21:5192). The cells were plated on solid agar plates containing tetracycline. Those colonies which 
grew, were then plated on solid agar plates containing 100^g/ml ampicillin and the number of viable colonies counted. 



38 



EP 0 934 999 A1 

ThG beta-laclamase gene inserts in those transformants which exhibited ampicillin resistance were amplified by s^d^ 
I^d PGR tt^hXs using Primer 2650 (SEQ ID NO: 50) 5' TTCTTAGACGTCAGGTGGCACTT 3' and Pr^er 2493 
fsEQ ID NO 51 ) 5- TTmAATCAATCTAAAGTAT 3" and the length of the insert measur^. The presence of a 1 kb 
insert indicates that the gene was successfully recombined. as shown in Fig. 9 and Table 5. 



Cell 


Tet Colonies 


Amp colonies 


Colony PGR 


TG-1 


131 


21 


3/3 at 1 kb 


JC8679 


123 


31 


4/4 at 1 kb 


vector control 


51 


0 





ro344] About 17-25% of the tetracycline-resistant colonies were also ampicillin -resistant and all of the Ampicillin 
Resistant colonies had correctly recombined. as determined by colony PGR. Therefore, partial genes bcated on the 
same plasmid will successfully recombine to create a functional gene. 

Example 9. .In vivo recombination via dir ect repeats of f ull-lenath genes. 

r03451 A plasmid with two full-length copies of different alleles of the beta-lactamase gene was constructed. Homol- 
ogous recombinatton of the two genes resulted in a single recombinant fulHength copy of that gene. 
m3461 The constmction of pBR322TetSfi-Sfi and pBR322T6tSfi-Bla-Sfi was descnbed above 
034^ Thetwoallelesofthebeta-lactarr^segenewereccxistructedasfoltowsTwoPCRreac^onswe 

with pUCl8Sfi-Bla-Sfi as the template. One reaction was conducted with the following pnmers. 

Primer 2650 (SEQ ID NO: 50) 5' TTCTTAGACGTCAGCTGGCACTT 3» 
Primer 2649 (SEQ ID NO: 51) 

5 • ATCGTAGTCCACGAGTGTGGTACnxyiCAGGCaMTCTGACAGTTA 
CCAATGCTT 3* 

The second PGR reactwn was conducted with the following primers: 

Primer 2648 (SEQ ID MO: 54) 

5» TGTCaCTACCACACTCGTGGACTACCATGGCCrrAAATACATTCAAA 
TATGTAT 3* 



primer 2493 (SEQ ID NO: 51) 5« TTT TAA ATC AAT CTA AAG TAT 3* 
[0348] This yielded two Bla genes, one with a 5' Sfil site and a 3' BstXI site, the other with a 5' SstJCl site and a 3* 

f^r* After digesti<x. of these two genes >^th BstXI and sm. and ligation into the ^^^f Sff^^^^P^^'^ 
p^S2TetsVsfi? a plasmkJ (pBR322-Sfi-2BLA-Sfi) with a tandem repeat of the Bla gene was obtained. (See Figure 

SsQl The plasmid was electroporated into £ «>//cells. Ttie cells were <^ ^^'".^S^^P^^^'f^"^^^^^^^ 
rnl t^racvctin^ Those colonies which grew, were then plated on soiW agar plates containing 100 ^g^ml ampeilltf^ and^ 
ThelmK v^^^ counted' The Bla merts in those transfonnants -^^^^^"^^JZ^^ 

Ire Jm^m^ by standard PGR techniques using the method and primers described in Example B. The presence.of 
a 1 kb insert indicated that the duplicate genes had recombined. as indicated m Table 6. 
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TABLE 6 



Cell 


Tet Colonies 


Amp Colonies 


Cokwiy PGR 


TG-1 


26 


54 


7/7 at Ikb 


JC8679 

• -• 


149 


117 


3/3atlkb 


vector control 


51 


0 





,0 Colony PCR confirmed that the tandem repeat was efficiently recombined to form a single recombinant gene. 
Example 10. Multiple cycles of direct repeat recombination • Interplasmidic 

[0351] In order to determine whether multiple cycles of recombination could be used to produce resistant cells more 

IS quickly, multiple cycles of the method described in Example 9 were performed. 

[0352] The minus recombination control consisted of a single copy of the betalactamase gene, whereas the plus 
recombination experiment consisted of inserting two copies of betalactamase as a direct repeat. The tetracycline mark- 
was "sedjg equalize the number of colonies that were selected for cefotaxime resistance in each round, to com- 
pensate for ligatbn efficiencies. 

20 [03S3] In the first round, pBR322TetSfi-Bla-Sfi was digested with Ecri and subject to PCR with a 1 : 1 mix (1 ml) of 
normal and Cadwell PGR mix (Cadwell and Joyce (1992) PCR Methods and Applications 2: 28-33) for error prone 
PCR. TTie PCR program was 7(y»C for 2 minutes Initially and then 30 cycles of 94''C for 30 seconds, 52*'C for 30 second 
and 72*0 for 3 minutes and 6 seconds per cycle, followed by 72'C for 10 minutes. 

[0354] The primers used in the PCR reaction to create the one Bla gene control plasmid were Primer 2650 (SEQ ID 
2S NO; 50) and Primer 271 9 (SEQ ID NO: 55) 5' TTAAGGGATTTTGGTCATGAGATT 3'. This resulted in a mixed population 
of amplified DNA fragments, designated collectively as Fragment #59. These fragments had a number of different 
mutations. 

[0355] The primers used in two different PCR reactions to create the two Bla gene plasmid were Primer 2650 (SEQ 

ID NO: 50) and Primer 2649 (SEQ ID NO: 51 ) for the first gene and Primers 2648 (SEQ ID NO: 54) and Primer 271 9 
30 (SEQ ID NO: 55) for the second gene. This resulted in a mixed population of each of the two amplified DNA fragments: 

Fragment #89 (amplified wrth primers 2648 and. 2^^^ and 2649). In 

each case a number of different mutations had been irttroduced the'mixad population of each of the fragments. 

[0356] After error prone PCR. the population of amplified DNA fragment #59 was digested with Sfil- and th^n cloned 

into pBR322TetSfi-Sfi to create a mixed population of the plasmid pBR322Sfi-Bla-Sfi''. 
js [0357] After error prone PCR, the populatwn of amplified DNA fragments #90 and,#89 was.dige.sled with Sfil and 

SsOa at 50*C, and ligated into pBR322TetSfi-Sfi to create a mixed populatwn of the plasmid pBR322TetSfi-2BIa-Sfil 

(Fig. 10). 

[0358] The plasmids pBR322Sfi-Bla-Sfii and p8R322Sfi-28la-Sfii were electroporated into E. co// JC8679 and 
placed on agar plates having differing concentrations of cefotaxime to select for resistant strains and on tetracycline 
10 plates to titre. .. . 

[0359] An equal number of cokxiies (based on the number of cotonies growing on tetracycline) were pblced. grown 
in LB-tet and DNA extracted from the cotonies. This was one round of the recombination. This DNA was digested with 
EcA and used for a second round of error-prone PCR as described above. 

[0360] After five rounds ttie MIC (minimum]hhibitory conceritration) for cefotaxime for the one fragmerit plasmid was 
s 0.32 whereas the MIC for the two fragment plasmid was 1.28. The results show that after five cycles the resistance 
obtained with recombiniation was four-foW higher in the presence of in vivo recomblnatkxi. . - 

Example 11. In vivo recombination via electroporatton of fragments v, i^. . 

0 [0361] Competent £ coli cells containing pUCI 8Sfi-Bla-Sfi were prepared as described. Plasmid pUCI BSrhBla-Sfi 
contains the standard TEM^1beta-lactaiT«selgene as described, supra.'s iv; ^ , . v */ v - t*, . 
[0362] A TEM-1 derived^cefotaxime resistance/gerie from pUC18Sfi-cef-Sfi,x(clone STg) (Stem^^ 
Nature 370: 389-91 ; incorporated herein by reference)iwhich, confers on E. co/^canying me^Rlasirnid^M^ <S640,iig/, 
ml for cefotaxime^was obtained. In one experiment the.complete plasmid puqi 8SfiH»f-Sfi dSa v^s e^^ . 

s into E. coli cells having the plasmid pUC18SfirBla-Sfi. ;^ . = r,.,.-, ^ • » >^ 

[0363] In another experiment the DNA fragment containing the cefotaxime gene from pUC 1 8Sfi^;ef-Sfi was amplified 
by PCR using the primers 2650 (SEQ ID NO: 50) and 2719 (SEQ ID NO: 55). The resulting 1 kb PCR product was 
digested into DNA fragments of <1 00 bp by DNase and these fragments were electroporated into the competent E. 
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CO// cells which already contained pUClBSfi-Bla-Sfi. 

[0364] The transformed cells from tjoth experiments were then assayed for their resistance to cefotaxime by plating 
the transformed cells onto agar plates having varying concentrations of cefotaxime. The results are indicated in Table 7. 



TABLE 7 



Colonies/ Cefotaxime Concentration 




0.16 


0.32 


1.28 


5.0 


10.0 


no DNA control 


14 










ST-2 mutant, whole 




4000 


2000 


800 


400 


ST-2 mutant, fragments 




1000 


120 


22 


7 


Wildtype, whole 


27 










Wildtype, fragments 


IS 











[0365] From the results tt appears that the whole ST-2 Get gene was inserted into either the bacterial genome or the 
•*pla8fnid«fter electfoporation. Because most Insertions are homologous, it is expected that the gene was inserted into 
the plasmid, replacing the wildtype gene. The fragments of the Cef gene from St-2 also inserted efficiently into the 
wild-type gene in the plasmid. No sharp increase in cefotaxime resistance was obsen/ed with the introduction of the 
wildtype gene (whole or in fragments) and no DNA. Therefore, the ST-2 fragments were shown to yield much greater 
cefotaxime resistance than the wild-type fragments. It was contemplated that repeated insertions of fragments, pre- 
pared from increasing resistant gene pools would lead to increasing resistance. 

[0366] Accordingly, those colonies that produced increased cefotaxime resistance with the St-2 gene fragments were 
isolated and the plasmid DNA extracted. This DNA was amplified using PGR by the method described above. The 
amplified DNA was digested with DNase into fragments (<100 bp) and 2-4 jig of the fragments were electroporated 
into competent £ co// cells already containing pUC322Sfi-Bla-Sfi as described above. The transformed cells were 
plated on agar containing varying concentrations of cefotaxime. 

[0367] As a control, competent E. co// cells having the plasmid pUC18Sfi-Kan-Sfi were also used. DNA fragments 
from the digestion of the PGR product ol pUC18Sfi-cef-Sfi were electroporated into these cells. There is no homology 
between the kanamycin gene and the beta-lactamase gene and thus recombination shou Id not occur. 
[0368] This experiment was repeated for 2 rounds and the results are shown in Table 8. 

TABLES 



Round 


Gef cone. 


KAN control 


Gef resistant colonies 


1 


0.16-0.64 


lawn 


tawn 


reptate 


0.32 


10 small 


1000 


2 


10 


10 


400 


Replate 




lOOsm e 2.5 


50 e 10 


3 


40 


100 sm 


100 sm 




1280 







4S Example 12 Determination of Recombination Fomnats 

[0360] This experiment was designed to determine which format of recombination generated the most recombinants 
per cycle. 

[0370] In the first approach, the vector pUC18Sfi-Bla-Sfi was amplified with PGR primers to generate a large and 
so small fragment. The large fragment had the plasmid and ends having portions of the Bla gene, and the small fragment 
coded for the middle of the Bla gene. A third fragment having the complete Bla gene was created using PCR by the 
method in Example 8. The larger plasmid fragment and the fragment containing the complete Bla gene were electro- 
porated into E. CO// JC8679 cells at the same time by the method described above and the transformants plated on 
differing concentrations of cefotaxime. r . 

55 [0371] In approach 2, the vector pUCI 8Sfi-Bla-Sfi was amplified to produce the large plasmid fragment isolated as 
In approach 1 above. The two fragments each comprising a portion of the complete Bla gene, such that the two frag- 
ments together spanned the complete Bla gene werealso obtained by PGR. The large plasmid fragment and the two 
Bla genet ragments were all electroporated into competent E. coff JGS679 cells and thetransfomnants plated on varying 
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concentrations of cefotaxime. 

[0372] In the third approach, both the vector and the plasmid were electroporated into E. co// JC8679 cells and the 
transformants were plated on varying concentrations of cefotaxime. 

[0373] In the fourth approach, the complete Bla gene was electroporated into E. co// JC8679 cells already containing 
the vector pUCSfi-Sfi and the transformants were plated on varying concentrations of cefotaxime. As controls, the E. 
CO// JC8679 cells were electroporated with either the complete Bla gene or the vector alone. 
[0374] The results are presented jn Figure 1 1 . The efficiency of the insertion of two fragments into the vector is 100 
X lower than when one fragment having the complete Bla gene is used. Approach 3 indicated that the efficiency of 
insertion does depend on the presence of free DNA ends since no recombinants were obtained with this approach. 
However, the results of approach 3 were also due to the low efficiency of electroporation of the vector. When the 
expression vector is already in the competent cells, the efficiency of the vector electroporation is not longer a factor 
and efficient honrologous recombination can be achieved even with uncut vector. 



Example 12. Kit for cassette shuffUng to optimize vector performance 

IS 

[0375] In order to provide a vector capable of conferring an optimized phenotype (e.g.. maximal expression of a 
vector-encoded sequence, such as a cloned gene), a kit is provided comprising a variety of cassettes which can be 

- *,--^shuffledj«and optimized shufflants can be selected. Figure 12 shows schematically one embodiment, with each loci 
having a plurality of cassettes. For example, in a bacterial expression system, Figure 1 3 shows example cassettes 

20 that are used at the respective loci. Each cassette of a given tocus (e.g., all pronrx>ters in this example) are flanked by 
substantially identcal sequences capable of overlapping the flanking sequence(s) of cassettes of an adjacent locus 
and preferably also capable of participating in homologous recombinatkxi or non-honr»logous recombinaton (e.g., tox/ 
ere or flpflrt systems), so as to afford shuffling of cassettes within a locus but substantially not between kx;i. 
[0376] Cassettes are supplied in the kit as PGR fragments, which each cassette type or individual cassette species 

2S packaged in a separate tube. Vector libraries are created by combining the contents of tubes to assemble whole plas- 
mkls or substantial portions thereof by hybrkJizatkxi of the overlapping flanking sequences of cassettes at each locus 
with cassettes at the adjacent kx;i. The assembled vector is ligated to a predetemnined gene of interest to form a vector 
library wherein each library member comprises the predetermined gene ot interest and a combination of cassettes 
determined by the associaton of cassettes. The vectors are transferred into a suitable host cell and the cells are 

30 cultured under condilkjns suitable for expression, and the desired phenotype is selected. . ^-"^ 

[0377] < While the present inventk)n has been described with reference to what are considered to be the prefen-ed 
examples, it is to be understood that the inventkxi is not limited to the disclosed examples. To the contrary, the inventk)n 
is intended to cover various fTKxJifications and equivalent arrangements included within the spirit and scope of the 
appended claims. . .. 
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Clalmo 

1 . A method of evolving a polynucleotide sequence for acquisition of a desired property or characteristic, comprising: 

(1 ) providing a starting population of variants of said polynucleotide sequence consisting of at least first and 
second fomis of the polynucleotide sequence, at least one of said variants being in cell-free form; 

(2) recombining said variants to provide a library of recombinant polynucleotides; 

(3) selecting at least a first recombinant polynucleotide from said library on the tesis of evolution toward the 
desired property or characteristic; 

(4) recombining the selected recombinant polynucleotide(s) with a further form of the polynucleotide sequence, 
which may be the same or different from a variant of said starting population, to provide a further library of 
recombinant polynucleotides; 

(5) selecting at least one further recombinant polynucleotide from said further library on the basis of further 
evolution toward the desired property or characteristic; and 

(6) repeating steps (4) and (5). as necessary, to obtain a recombinant polynucleotide having the desired prop- 
erty or characteristic. 

2. A method as claimed in claim 1 wherein said polynucleotide sequence encodes a polypeptide and said setecting 
steps comprise screening for polypeptides encoded by the recombinant polynucleotides that have evotvod toward 
a desired property or characteristic. ■ , 

3. A method as claimed in claim 1 or claim 2 wherein said starting population of variante is formed by error-prone 
PGR amplification of said polynucleotide sequence. 

4. A method as claimed in claim 1 or claim 2 wherein said starting population of variants is formed by inserting a 
mutagenic cassette into said polynucleotide sequence. 

5. A method as claimed in claim 1 or claim 2 wherein said starting population of variants are allelic or species variants 
of a polynucleotide sequence. 

6. A method as claimed in any one of claims 1 to 5 wherein at least one recombining step comprises recombining in 
a host cell different variants of said polynucleotide sequence, at least one variant or subset of variants being in a 
vector. 
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7 A method as claimed in ahy one of claims 1 to 6 wherein at least one recomblning step comprises recombining in 
a host cell a first variant of said polynucleotide sequence in a host cell chromosome and a second vanant of said 
polynucleotide sequence present in a linear fragment or a vector. 

8. A method as claimed in claim 6 or claim 7 comprising 

0) providing a library of variant fomis of a polynucleotide, some of which are components of a vector, and 
some of v^ich are not components of a vector; 

(2) introducing the library of variant forms Into a population of cells; 

(3) propagating the cells under conditions whereby recombination occurs between the variant forms to gen- 
erate a library of recombinant polynucleotides; 

(4) selecting at least a first recombinant polynucleotide from said library on the basis of evolutKsn toward the 
desired property or characteristic; 

(5) recombining the selected recombinant polynucleotide(s) with a further form of the polynucleotide sequence, 
which may be the same or different from a variant of the starting library, to provide a further library of recom- 
binant polynucleotides; ^ ^ ■ MM 

(6) selecting at least one further recombinant polynucleotida from said further library on the basis of further 
^^„„^,^nvrtiijtirtn toward the desired property or characteristic; and 

(7) repeating steps (5) and (6). as necessary, to obtain a recombinant polynucleotide having the desired prop- 
erty or characteristic. 

9 A method as claimed in claim 8 wherein following step (4) steps (1 ) to (4) are repeated employing the selected 
recombinant forms in the library of variants until a recombinant polynucleotide having the desired property or 
characteristic is obtained. 

10 A method as claimed in claim 8 or claim 9 further comprising fragmenting variant forms of the polynucleotide in 
the starting library which are not components of a vector before introducing the variants Into the host cells. 

11. A method as claimed in claim 1 0 wherein random fragmentation of variant forms of the polynucleotide Is carried out. 

12. A method as claimed in claim 6 comprising: 

(1 ) providing a library of variant forms of a polynucleotide wherein each variant is in a vector; 

(2) introducing the variant forms into a population of cells whereby some cells receive at least two different 
variant forms of the polynucleotide and the different variant forms of the polynucleotide recombine to form a 
library of recombinant polynucleotides. 

(3) selecting at least a first recombinant polynucleotide from said library on the basis of evolution toward the 
desired property or characteristic; 

(4) recombining the selected recombinant polynucleotlde(s) with a further form of the polynucleotide sequence, 
which may be the same or different from a variant of the starting library, to provide a further library of recom- 
binant polynucleotides; . ,i ^1 

(5) selecting at least one further recombinant polynucleotide from said further library on the basis of further 
evolution toward the desired property or characteristic; and 

(6) repeating steps (4) and (5). as necessary, to obtain a recombinant polynucleotide having the desired prop- 
erty or characteristic. 

1 3 A method as claimed in claim 1 2 wherein foltowing step (3). steps (1 ) to (3) are repeated employing the selected 
recombinant forms in the library of variants until a recombinant polynucleotide having the desired property or 
characteristic is obtained. 

14. A method as claimed in any one of claims 6 to 1 3 wrtierein the or each vector is a plasmid vector. 

1 5. A method as claimed in any one of claims 6 to 1 3 wherein the or each vector is a phage vector. 

16 A method as claimed in any one of claims 1 to 15 wherein at least one cycle of nucleic acid shuffling is carried out 
in vitro or in vivo, said cycle comprising provision of overlapping double-stranded fragments of variants of the 
polynucleotide and shuffling of said fragments in the presence of a DNA polymerase. 
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17. A method as claimed in claim 16 wherein at least one cycle of nucleic acid shuffling is caniod out comprising: 

(a) treating a sample comprising a population of variants of the polynucleotide, which variants are double- 
stranded and contain areas of homology and areas of heterology, under conditions whereby overlapping dou- 
ble-stranded fragments of a desired size of the population of variants are formed; 

(b) denaturing the resultant overlapping double-stranded fragments into single-stranded fragments; 

(c) incubating the resultant single-stranded fragments with polymerase under conditions which provide for the 
annealing of the single-stranded fragments at the areas of homology to fomi pairs of annealed fragments, said 
areas of identity being sufficient for one member of a pair to prime replication of the other thereby forming 
recombinant double-stranded polynucleotide sequences; and 

(d) repeating steps (b) and (c) for at least two cycles, wherein the resultant mixture in step (b) of a cycle 
includes the recombinant double-stranded polynucleotide sequences in step (c) and the further cycle forms 
further recombinant polynucleotide sequences whereby the average length of the recombinant polynucleotide 
sequences increases in each cycle. 

1 8. A method as claimed in any one of claims 1 to 1 7 further comprising shuffling a recombinant polynucleotide having 
the desired property or characteristic with a naturally-occurring polypeptide to eliminate variations between the 
^ffX)mbi nant polynucleotide and the naturally-occurring polynucleotide that do not contribute to the desired property 
or characteristic of the recombinant polynucleotide. 

1 9. A method as claimed in claim 2 wherein a recombinant polynucleotide having the desired property or characteristic 
is expressed to provide a desired polypeptide and said desired polypeptide is isolated. 

20. A method as claimed in claim 2 or claim 19 wherein the desired property or characteristic is capacity to bind, or 
improved binding, to a receptor. 

21. A method as claimed in claim 2 or claim 19 wherein the desired property or characteristic is improved drug resist- 
ance. 

22. A method as claimed in claim 2 or claim 19 wherein the desired property is a therapeutic activity 

23. A method as claimed in claim 1 wherein the recombinant polynucleotides are screened for suitability as an agent 
for gene therapy 

24. A method as claimed in claim 23 wherein the recombinant polynucleotides are screened for suitability as an agent 
for anti-neoplastic gene therapy. 

25. A method as claimed in claim 1 wherein the recombinant polynucleotides are screened for suitability as an agent 
for DNA vaccination. 

26. A method as claimed in claim 1 or claim 5 wherein said polynucleotide sequence is an animal polynucleotide 
sequence. 

27. A method as claimed in claim 1 or claim 5 wherein said polynucleotide sequence is a plant polynucleotide sequence. 

28. A method as claimed in claim 1 or claim 5 wherein said polynucleotide sequence is a yeast polynucleotide se- 
quence. . - 

29. A method as claimed in claim 1 or claim 5 wherein said polynucleotide sequence is a bacterial polynucleotide 
sequence. 

30. A method as claimed in claim 1 or claims wherein said polynucleotide sequence is a viral polynucleotide sequence. 

31. A method for evolving a polynucleotide for acquisition of a desired property, comprising: 

(1 ) providing a library of variant forms of a polynucleotide some of which are components of a vector and some 
of which are not components of a vector, 

(2) introducing the library of variant forms into a population of cells, 
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erty. 

32 A method tor gonera«ng a lirary o. d«p^yed peptides or displayed antibodtes suitable .or atnnity interacts 
screening or phenotypic screening, the method comprising; 



in VIVO, 



...-coding sequences of said shuffled librae members being expressed to prov^e said library of displayed peptides 

or displayed antibodies. 

33. A method as cte»T,ed c^«r> 32 further comprising introducing mutations into sakJ associated p<^ynucleolides or 
copies thereof . 

34. Amethod as Claimed ^ cteim 32 wherein said epis«™% replicable vectors comprise a direct repeat of a pluralrty 
of associated polynucleotides or copies thereof. 

35. use of poVnucleotide amplSicatkx, to shuffle polynucleotide variants to fom, recomb^t polynucleotides in a 

method according to claim 16 or claim 17. 
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